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Morphological Study of Composite Latex Particles and Water 
Interaction with Polymer Chains
by 
Bo Jiang
University o f New Hampshire, December, 2012
The primary purpose of this research was the morphological study of composite polymer 
(2 or more) nano-particles in an aqueous dispersed system. This included synthesis, 
characterization and mathematical/numerical modeling. For a composite latex particle, 
the morphology can play an important role in determining the final application properties, 
and the structure depends on many factors which are active during and after 
polymerization. Among these are the penetration o f oligomeric chains into the latex 
particles, mixing of the two composite polymers, and eventual phase separation of such 
mixtures. These actions depend upon the materials used in the polymerization and the 
process by which the reaction is carried out.
This work involved both the common styrene/acrylic family o f monomers as well as the 
newer polyurethane/acrylic hybrid system. The properties o f the second stage polymers 
such as glass transition temperature, chain length and the polarity were studied and their
xvi
impacts on the phase separation process were evaluated. For the polyurethane-acrylic 
hybrid latex system, the phase distribution o f the two polymer components in these 
composite particles was characterized for the first time. Hydrogen bonding between the 
polymer chains was found to limit the diffusion o f polymer chains and restrict phase 
separation towards the equilibrium morphology. A numerical model o f the kinetics o f the 
phase separation process applicable during and after polymerization was also developed. 
The Cahn-Hilliard theory was applied for this simulation to account for the new 
interfaces formed during phase separation.
Water interaction with polymer chains also became an important aspect o f our study. 
Different states o f water can exist simultaneously within a polymeric material, and the 





Introduction, Objectives and Organization of the Thesis
1.1. Introduction and objectives
The primary purpose o f our research is the morphological study and control o f polymeric 
composite (2 or more polymers) particles in dispersed systems, including synthesis, 
characterization and mathematical/numerical modeling. The structure o f composite 
materials usually relates to the final properties o f the product, and thus it becomes a very 
important area o f research. Figure 1 below is a schematic latex system, and the polymer 
particles are stabilized by surfactant molecules. For a composite latex particle, the 
structure can be variable depending on many factors during and after polymerization. 
Such factors are o f great interest to our study, so the morphology can be controlled and 
modeled.
— O  surfactan t molecules
core-shell occluded raspberry mixed
C om posite particles
Figure 1.1: Scheme of a latex system of composite polymer particles.
1
Chapter One
For the past decade, our research group has been working with styrene-acrylic latex 
systems, with particular interests such as the radical entry mechanism, polymeric chain 
growth and diffusion, and the morphological prediction. Mathematical/numerical 
simulations o f the emulsion polymerization and structure development are also a 
significant aspect o f the research, based on the understanding o f polymerization and 
diffusion kinetics.
One part of the current thesis work continues the study of the styrene-acrylic composite 
system. We focus on the properties o f the second stage polymers such as glass transition 
temperature, chain length, polarity and their impact on the morphological development. 
These factors are studied by a series o f experiments and comparisons between different 
sets o f data. We believe that such factors can make a significant contribution during the 
phase separation process and the resultant morphology development. The results and 
discussions are documented in Chapter Three.
Another part o f the work focuses on the numerical simulation o f the kinetics o f the phase 
separation process during morphological development. The spinodal decomposition 
process is considered to be the main mechanism for polymer-polymer phase separation 
within latex particles. The process is thought to take place during and after 
polymerization and to occur via polymer chain diffusion.
At the same time, we wanted to know if our knowledge obtained from studying styrene- 
acrylic systems can be applied to other polymeric systems, such as the polyurethane- 
acrylic composite system. Polyurethane dispersions (PUD) caught our attention because 
they are very complex by themselves due to the segmented chain structure, high
2
Chapter One
hydrophilicity, and high content o f hydrogen bonding sites. These combined properties 
make PUD a very useful and popular kind of coating material nowadays. The incentive of 
making PUD-acrylic composite material is to further improve the properties and lower 
the cost at the same time, because acrylics are in general less expensive than the PUD 
materials. Such a goal can be achieved only with a proper design o f the composite 
morphology. Therefore, we started with the morphological study o f the PUD-acrylic 
hybrid system; it is a challenge to understand everything just based on our previous 
knowledge. A series o f new factors needed to be considered and evaluated for this new 
composite system. A detailed report (Chapter Five) is included in this thesis covering the 
study for the new system and is compared to the morphological structure development in 
styrene-acrylic systems.
During our studies, water interaction with polymer chains became an important aspect o f 
our research, and a series o f new understandings were developed. First, we found that 
there are ways to predict and measure the degree of plasticization of polymers by water 
molecules associating with the polymer chains. Secondly, different states o f water can 
exist within a polymeric material, and the physical properties o f the material will change 
depending upon these different states o f water. The water interaction may affect many 
aspects of structural development of a composite particle, such as interfacial tension o f a 
polymer phase against water and the ease of polymer chain diffusion. Such impacts of 
water molecules are of great importance in the study o f composite morphologies, and 
therefore we documented our findings in the thesis.
3
Chapter One
1.2. Organization of this thesis
The research work documented in this thesis is divided into two main sections. Section 
one contains three chapters (3, 4, 5), focusing on the morphological study and modeling 
for polymer composite systems. Section two contains two chapters (6, 7), focusing on the 
water interaction with polymers via plasticization, and an extension to the water 
whitening o f polymer films.
Chapter Two generally describes the polymerization, sample preparation and
characterization methods applied in this thesis work. Chapter Three reports the studies of
the phase separation parameters via a series o f experiments based on the styrene-acrylic
system. Chapter Four describes a numerical model to simulate the phase separation
dynamics, according to the Cahn-Hilliard theory and Fick’s law of diffusion. Chapter
Five details the morphology studies of a set o f polyurethane/acrylic hybrid systems. The
hybrid morphology development was characterized and systematically studied as an
extension o f our knowledge mostly obtained from the styrene-acrylic system, but
bringing to light the role that hydrogen bonding can play in polymer diffusion.
/
Chapter Six documents the approach of characterizing the glass transition temperature 
affected by water plasticization o f polymer chains as studied by differential scanning 
calorimetry. Chapter Seven extends this work to the water whitening of polymer films. 
Here we explained the different roles of water in polymeric films at different states, and 
we characterized and recorded the whitening process via different techniques such as 
light scattering, thermal analysis, and electron microscopy.
4
Chapter One
There are background and introduction sections at the beginning of each chapter, so they 
can be more specifically related to the designated topic. Each topic will have its own 
results and discussion and separate conclusions, as well as a list of related references.
The appendix contains a series o f supportive data for all o f the experiments performed in 




Experimental Techniques for Polymerization and Characterization
2.1. The Emulsion polymerization process
The Emulsion polymerization process is widely applied today for polymerizations of 
styrene, butadiene, various acrylic monomers, and vinyl acetate or their 
copolymerizations. Based on free radical initiation in a confined size, the process has the 
advantage o f producing polymers of high molecular weight with a fast polymerization 
rate. Another advantage of emulsion polymerization is that the reaction is carried out in 
water, which is harmless to the environment and meets the legislative requirement for 
lowering the volatile organic compounds (VOC). Processing parameters such as reaction 
rate and viscosity are easy to control during polymerization.
In the work discussed in this dissertation, emulsion polymerizations were generally 
carried out in a 3-neck glass reactor (250mL) equipped with a condenser and a magnetic 
stir. In a few cases reactions were scaled to a 1L reactor with a mechanical stirrer for 
more products. In the case o f a seeded reaction as in Figure 2.1, water, seed polymer 
latex, surfactant (emulsifier) if necessary, and initiator are added to the reactor. The 
monomers are fed into the reactor at a desired rate by an external pump. The seed latex 
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Figure 2.1: Scheme of seeded emulsion polymerization.
The reaction temperature was most often at 70°C while potassium persulfate (KPS) was 
used. It is important to mention that KPS is a water soluble initiator, and it is not soluble 
in the oil/polymer phase. Therefore, the initiation process always starts in the water 
phase. There are oil soluble initiators such as benzoyl peroxide (BPO), which will start 
the initiation process from the oil phase. Such oil soluble initiators are seldom applied, 
and there is only one case in this dissertation in which BPO was used in emulsion 
polymerization. The reaction time relates to the initiator dissociation rate and the 
polymerization rate of the specific type o f monomers used. Usually for the experiments in 
current thesis, acrylic reactions take 1 or 2 hours for a high conversion, and styrene 
reactions take around 3 to 4 hours for a good conversion.
Semi-batch reactions are more often applied both by industry and in the current work. It 
is similar to the batch reaction process, but allows more control over the reaction rate and 
composition of the product by feeding monomers (sometimes also initiators or 
surfactants) into the reactor instead o f putting everything in at the beginning. If  the 
monomer feed rate is fast compared to the polymerization rate, monomer droplets and
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monomer swollen particles will form as in Figure 2.1, and such semi-batch reactions are 
not very much different from a batch reaction. If the feed rate is slow compared to the 
possible reaction rate, there will be a very limited amount o f  free monomer to swell 
polymer particles. Such semi-batch reactions are called starve-fed reactions with 
monomer concentration in the polymer particles typically lower than lmol/L.
When the seed latex polymer applied in emulsion polymerization is different from the 
second stage monomers (polymers), the product is named composite latex. For example 
in this work, a polyurethane dispersion (PUD) was applied as a seed latex, and acrylic 
second stage monomers polymerized in the presence o f the PUD as second stage. A 
PUD/acrylic hybrid latex can be produced from either batch or semi-batch reaction. The 
weight ratio of the mass o f second stage polymers over the mass of seed polymers is 
referred to as the stage ratio.
The conversion of from monomer to polymer at a given reaction time can be 
experimentally determined by withdrawing a small sample from the reactor at that time 
and gravimetrically measuring the solid content. With theoretical input values known, 
conversion curves can be calculated as a function of reaction time.
2.2. Solution polymerization process
Solution polymerization is a traditional way to carry out polymerization by mixing 
monomers and initiators with a good solvent for the polymer. Sometimes the polymer 
product is not soluble in the solvent, and the product will precipitate out from the 
mixture. The polymerization rate is often slow compared to emulsion polymerization. 
The molecular weight o f the polymer product is usually small. In the present work,
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solution polymerization was carried out by putting monomers, initiators and solvent in a 
capped 20mL glass vial at 70°C for at least 12 hours. The polymers were soluble in the 
solvent.
2.3. Sample preparation methods
Film preparation
Sample films were prepared by casting the latex (or a solution of polymer in organic 
solvent) onto a silicon rubber mold (usually at room temperature), for the ease o f 
separating film from the substrate. The film thickness was usually between 0.1 to 0.5mm 
depending on the depth of the mold and the solid content o f the latex. When the 
continuity o f the film is important (eg. water-whitening study o f polymer film), the film 
was further annealed at a high temperature (at least 10 degrees above the glass transition 
temperature) for another 12 hours, so as to encourage inter-diffusion o f polymer chains 
and eliminate defects such as grain boundaries.
Latex annealing process
There are a lot o f cases when the structures of polymer particles are not in their 
equilibrium state due to low mobility o f the polymer chains. Raising the temperature will 
facilitate the chain diffusion and allow the study o f the equilibrium morphology. By using 
a sealed steel reactor, one can raise the temperature above 100°C while maintaining the 
latex form. In this work, latex annealing refers to the sample latex held at 150°C for a 
certain amount o f time in the steel reactor. Such a process was found to be very useful for 




Differential Scanning Calorimetry (DSC)
DSC measures and records the thermal responses of a sample by heating or cooling it 
continuously. It is able to detect various thermal transitions (Figure 2.2) o f materials 
such as melting, crystallization, evaporation, and the glass transition, which is very 
important for polymer materials. Many output values can be plotted such as heat flow 
(Figure 2.3 green curve) and heat capacity (Figure 2.3 blue curve). When the modulated 
mode is applied to DSC, a reversing heat capacity (Rev. Cp) curve can also be obtained, 
as shown in Figure 2.4 (the green curve). The Rev.Cp values are the reversible portion of 
heat capacity value when modulating the temperature, and the plot o f Rev.Cp vs. 
temperature is generally smooth and repeatable for glass transition measurement. 
Therefore, the Rev.Cp curves are often applied in this dissertation, and sometimes the 
derivative o f the result (Figure 2.5 blue curve) is found easier to interpret. A smoothing 
function may also be applied to the derivative curve (Figure 2.5, the red dotted curve) so 
as to eliminate minor fluctuations.
The DSC used in this work was manufactured by TA instrument (Q2000 series). 
Otherwise specified, the signals are obtained from the heating cycle o f 3°C/minute, with 
a modulation o f ±2°C/minute. A good combination o f heating rate and modulating 
amplitude is important o f the operation of DSC, otherwise a lot of noise will affect the 
interpretation o f results. Moreover, very fast heating rate (e.g. 20°C or above) may lead to 







Figure 2.2: a scheme of DSC output. Tg: glass transition temperature; Tc: crystallization
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Figure 2.3: An example of DSC plot. Blue: heat flow vs. temperature; Green: heat capacity vs. 
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Figure 2.5: green: Rev Cp. vs. temp; blue: Derivative of Rev Cp vs. temp; red: smoothed curve of 
Derivative of Rev Cp vs. temp (intentionally separated from the blue curve for visual clarity).
Signals are from Poly(methacrylate).
There is an advantage of plotting the curve o f Derivative Rev. Cp vs. temperature. When 
there are two separated phases in a composite system, the plot will show two separated 
glass transition regions, corresponding to each individual phase. As shown in Figure 2.6, 
when there is phase mixing existing in the system, the separated glass transition regions 
will tend to move closer to each other, depending on the degree of mixing. Such 
properties can qualitatively help understand the degree of mixing in the system, which 
relates to the prediction of the structure o f the composite particles in a latex system. The 
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Figure 2.6: Idealized states of phase separation within latex particles and examples of their 
corresponding derivative modulated DSC traces [1].
Quantitative analysis o f the DSC results.
The DSC signal from a composite sample can also be considered as a combination of 
contributions from different parts of the sample. For a complex sample with different 
mixing states o f the components, the DSC curve shall be decomposed into multiple small 
peaks for a better understanding of the mixing behavior. We applied to a series o f DSC 
results such a peak decomposition procedure developed at UNH by A.K. Tripathi.
The input for data analysis requires the Rev Cp vs. temperature curve from DSC analysis 
and a few parameters such as the stage ratio, the Tg o f the seed material, and an estimated 
Tg value for the second stage polymer.
The output of the quantification gives a mass distribution of a series o f simulated phases. 
In Figure 2.7(a), a concentration profile is plotted. Y axis represents the weight fraction
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of the seed polymer. Y=1 stands for pure seed polymer, and Y=0 stands for pure second 
stage polymer. The (a) plot describes the mixing profile o f the two polymers. If  the two 
polymers are uniformly mixed together at weight ratio o f 1.0, the profile follows y=0.5 
(blue dotted line) indicating the uniform composition across the sample. If the two 
polymers are completely separated, then the profile will follow x=0.5 (the red dotted 
curve) indicating a very sharp gap (interphase) between the two polymer phases. The 
black and pink curves indicate there is certain degree of the phase mixing, so they are 
gradual transition profiles. The pink curve indicates more phase mixing than the black 
curve does.
In Figure 2.7(b), the quantification result is plotted alternatively as a mass distribution. 
x=0 stands for pure second stage polymer, and x=l is for the pure seed polymer. Y axis 
represents the weight fraction o f the simulated phases. For example, point (x=0.2, y=0.3) 
will indicate that there is 30wt% of total sample weight is composted of a polymer 
mixture (20% seed polymer + 80% second stage polymer).
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Figure 2.7: An example of DSC data analysis for quantification purposes.
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The preparation o f film sample for DSC
We have learned that the contact between the polymer sample and the bottom o f the DSC 
pans is very important during the test. It affects the quality o f the data such as 
smoothness, and peak areas. For powdery samples, the effect is not significant because of 
the easy spreading o f samples uniformly within the pan. For film samples, it is difficult 
because sometimes the sample film has to be squeezed or folded to fit into the pan. These 
extra steps will result in slow heat transfer during testing, and the integrated area 
(J/gram/°C) under peaks can be quite variable which is not suitable for quantification 
analysis. The peak position, however, is usually consistent regardless o f the o f sample 
preparations. Figure 2.8 below illustrates such concerns related to multiple layers of 
sample in the pan. We have used one layer o f polyurethane sample and one layer o f an 
acrylic sample P(MMA-co-BA 1:1) o f the same weight ratio but of different sequences in 
the pan. The relative area under each peak is apparently different from the two tests. 
Therefore, we always used a single layer of film samples for the DSC test, and we used a 
cork-borer tool (Figure 2.9) to obtain a constant surface area that matches the DSC pan.
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Figure 2.9: Scheme of the cork-borer tool for film sample preparation for DSC.
The measurement ofTg in the water-plasticized state via DSC.
Synthetic latex particles are nearly always produced in an aqueous environment in which 
the monomers used and polymers produced are saturated with water. This is true during 
the polymerization and latex storage stages, as well as during the film formation stages 
for applications in architectural and paper coatings, as well as pressure sensitive 
adhesives. The “wet” Tg o f these polymers can be significantly lower than the equivalent 
“dry” Tg of the same polymers.
The DSC is a simple and effective tool to determine the wet Tg, and raw latex can be 
used without any special sample preparation. This technique can be performed in many 
temperature ranges, including temperatures well below the freezing point o f water. 
Extension to the measurement o f both thermal transitions for composite latex particles 
shows that the wet latex data, and information contained in them, can be quite different 
from the dried polymer data obtained from the same instrument.
The value o f the ‘wet’ Tg is a characteristic property and depends on the nature of 
polymer such as its rigidity and polarity. Different polymers will have different amounts 
of water distributed around the chains at saturation. One can effectively measure this
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property via DSC, and also calculate this value with a known dry Tg, based on a group 
contribution method [2]. An example o f the calculations is shown in Appendix D.
Scanning Electron Microscope (SEM) characterization
SEM is often applied for the study of the surface characteristics of a sample at a 
magnification of a few hundred up to thousands of times. The polymeric sample surface 
usually needs a thin layer o f metal coating (e.g. Pt or Au) for surface conductivity. Here, 
the SEM technique was applied to the study of water-whitening of polymer films. The 
study focused on the cross-section o f polymer films, which contains heterogeneous 
domains (voids) formed by water. The whitened films were dried well below their glass 
transition temperatures so that small water molecules can leave without deformation o f 
the film due to diffusion of polymer chains. The SEM instrument in this thesis is an 
Amray 3300FE field emission SEM.
Samples were prepared by first embedding dry polymer films in epoxy resin, curing the 
epoxy, and then cryo-microtoming at -50°C for a smooth block surface, followed by 
sputter-coating with -100 A of platinum prior to observation.
Transmission Electron Microscope (TEM) characterization
TEM is another very useful tool that allows visualization o f the morphology of composite 
latex particles. In this work, we used the Zeiss/LEO 922 Omega TEM with an 
accelerating voltage of 120 -200kV. It has a magnification capacity o f 80X to 1,000,000X 
with a line resolution of 0 .12nm. For polymeric materials that we are interested in, a 
magnification o f 2,000X to 20,000X was most often used.
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In order to reveal the inner structure o f a particle, microtoming is commonly used to get a 
thin slice (~60nm) o f sample particles with a RMC/Boeckeler MT XL ultramicrotome.
By focusing on the cross-section from the particle slice, the distribution o f different 
polymer phases is possible to be characterized.
It is usually difficult to image most polymeric materials in the electron microscope due to 
their low electron densities and their sometimes low melting points. Therefore it is even 
harder to obtain adequate contrast between different polymer phases because they all look 
“transparent” under TEM. Staining of polymer samples is generally helpful for TEM 
characterization of polymeric materials. It can increase the electron density o f the sample 
by depositing heavy metal atoms on/around the samples, and at the same time stabilize 
the sample. There are various staining techniques developed for different kinds of 
polymeric materials. In general, some staining agents tend to stay around the sample and 
help define the shapes (negative stain), some staining agents will selectively interact with 
certain functional groups in the sample (positive stain), and most stains contain both 
effects but with different emphases.
For the current study, the staining technique should be able to stain different polymer 
phases o f our interest to a different degree so that there will be dramatic contrast between 
the phases. We used ruthenium tetroxide vapor to darken the polymer containing phenyl 
groups or ether groups, and leave the other phase (pure acrylic phase) unstained. We used 
Ru04 vapor generated by mixing ruthenium chloride hydrate with sodium hypochlorite 
solution in a normal glass petri dish at room temperature. It takes about three to five 
minutes to stain the microtomed sample slices.
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Most samples o f interest are latex particles, which may deform significantly during 
sample preparation process or fuse together as a result o f polymer chain diffusion during 
film forming process. To prevent such issues, we dispersed our latex particles into an 
“embedding latex” that will form a film with very limited inter-diffusion between 
different particles, and keep the sample particles apart for microtoming and viewing 
under TEM. The drying process for the embedded sample latex takes about 2 days at 
room temperature for good results.
Fourier-Transform Infrared spectroscopy
Attenuated total reflectance (FTIR-ATR) IR spectra o f dried sample films were recorded 
in a Bruker Tensor 27 spectrometer at a resolution o f 1 cm"1, 16 scans per sample. The 
ATR used a Golden Gate single reflection diamond ATR device. Spectral Range o f 7800 
to 350 cm'1 is used to study the shifting of peak positions (e.g. carbonyl group) o f due to 
hydrogen bonding in polyurethane-acrylic hybrid samples.
Particle Size Analysis
The particle size and distribution were measured by capillary hydrodynamic fractionation 
(CHDF) (model 2000, Matec AppliedSciences). UV absorption was detected at 220nm 
wavelength. The machine is calibrated by a series o f polystyrene latex standards.
Nanotrack ™ 250 with Microtrac FLEX application software was also used for 
measuring particle size and distribution based on dynamic light scattering. The 





The Cary 500 UV/Vis/NIR Spectrophotometer covers the wavelength range of 3300 nm 
(near infrared or NIR) to 175 nm (ultraviolet or UV) with an accuracy o f 0.1 nm in the 
UV/Vis range and 0.4 nm in the NIR range. For our water-whitening study of polymer 
films, we scanned from lOOnm to lOOOnm at different time intervals, with scan rates up 
to 2000 nm/min (UV/Vis). Clear strips o f samples films (~0.5mm in thickness) were 
immersed in a glass cuvette filled with water, and the transmittance o f the system was 
recorded at different times. Another spectrophotometer (Hitachi U-2000) was also used to 
study the transmittance of polymer films at a fixed wavelength (500nm). We note here 
that green light (550nm) is most sensitive to human eyes. The spectrophotometers usually 
display absorbance values, and these are convertible to transmittance values as 
absorbance = - log 10 (transmittance).
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Polymer-Polymer Phase Separation Processes within Latex Particles During and 
After Polymerization
3.1. Background
Emulsion polymerization has been practiced for a long time and has recently become a
A
very important technique, thanks to the increasing need for environmentally compatible 
polymer products. The history of emulsion polymerization can be traced back to the early 
twentieth century. One example o f large-volume applications o f synthetic emulsion 
polymers is the use of styrene-butadiene copolymers, and the large-volume acrylic 
emulsion polymer was introduced in the 1960s as water-borne adhesives and paints. The 
fundamental mechanism of emulsion polymerization has been well documented in the 
literature and some short reviews are provided by van Herk [1] and Odian [2],
Latices produced from emulsion polymerization usually contain spherical polymer 
particles with the size less than 1 micron, and they are most often stabilized by surfactant 
molecules and other ionic groups distributed at the water-polymer interface. To create 
composite particles (2 or more polymers) with designed morphological structures, seeded 
emulsion polymerization techniques are often applied, where second stage monomers are 
polymerized in the presence of the first stage polymer seed particles. The morphology of
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such composite particles are o f great importance to the finished goods properties, as it 
may impact the strength, toughening, peel strength, and etc [3,4],
The morphology o f composite particles is studied mainly from thermodynamic and 
kinetic perspectives. From thermodynamics, one way is to use the minimization o f the 
Gibbs free energy where the interfacial energy is considered. Polymer-polymer, and 
polymer-water interfacial tensions (y) are determined experimentally (and sometimes 
theoretically), and applied to the equation AG=Z y* Aj, where Aj represents the interfacial 
area. By optimizing the interfacial area (Aj) one can obtain the minimum free energy, 
which stands for the equilibrium morphology. Various researchers [3,4,5,6,7,8,9,10] 
applied this approach to their studies, and Sundberg et al [11] also developed a software 
package (UNHLATEX®Eqmorph) based on such calculations. The equilibrium 
morphology can be core-shell or inversed core-shell (complete engulfing), hemisphere 
(partial engulfing), and individual particle (non -engulfing) based on minimum interfacial 
free energy. This approach has been proved successful in predicting the morphology o f 
composite latex particles when the polymer chain diffusion is reasonably fast at the 
processing temperature, which also means that the effective glass transition temperature 
of individual polymer is below the processing temperature. Such conditions provide 
enough flexibility o f  the polymer chains so that the morphology can develop to the 
equilibrium state.
One of the challenges in thermodynamic calculations is to determine the interfacial 
tension, which directly relates to the simulated morphology. For polymers with high 
molecular weight, it is not easy to construct an accurate database for different systems. 
Moreover, latex systems contain complex ingredients other than just individual polymers.
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For example, surfactant molecules locate mainly in the polymer-water interface, and their 
influence on the interfacial tension cannot be neglected. The monomer concentration and 
initiator end groups are also found to affect the interfacial tension [3,4,12]. Another 
important fact that thermodynamic calculations ignored is the mobility o f polymer chains 
during the polymerization. Polymer systems are highly viscous, compared to solvent or 
alloy melt systems where thermodynamic calculations are proved most successful. It 
takes a significant period o f time for the polymer chains to diffuse to their equilibrium 
location, and during this diffusion process, polymers may grow longer, become branched, 
or terminate with another long polymer chain. These changes together with inter/intra 
molecule interactions often make the diffusion of polymer chain in emulsion systems 
even more difficult. As a result, the thermodynamic simulations based on interfacial 
tensions can only predict useful results for soft systems where the diffusion o f polymers 
is fast relative to the time o f the reaction process.
For most practical situations, the diffusion of polymer chains needs to be considered for 
the morphology prediction o f composite latex particles. If we consider a single polymer 
chain diffusing by a random walk process, according to Einstein’s solution to Brownian 
motion: distance2 = Diffusion coefficient x time. The diffusion coefficient o f polymers, 
according to de Gennes’ reptation model [13], is proportional to 1/(number o f repeat 
units)2. For emulsion polymers with a typical number o f repeat units being 1,000 or more, 
the diffusion coefficient of polymers is significantly smaller (1 O'6) than their 
corresponding monomer units. Thus most morphological structures o f latex particles are 
determined by the kinetics o f chain diffusion. A few important morphological 
development models based on kinetics will be summarized in the following paragraphs.
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Stubbs and Sundberg et al [14,15,16] applied the Monte Carlo method [14] to the 
simulation o f emulsion reaction kinetics and polymer radical chain diffusion. This has 
resulted in the software named UNHLATEX®Kmorph. Water-phase radical initiation 
and polymerization events, radical entry, and diffusion of polymer radicals in the polymer 
particle are considered at the same time. The model allows the simulation of 
polymerization kinetics such including the gel effect, chain transfer reactions, and 
termination reactions. By recording where (in the particle) the termination reaction 
happens for long chain polymer radicals and indicating the location in a spherical 
geometry, the modeling software can predict the morphology o f composite latex particle 
when there is no further diffusion after termination o f a propagating polymeric radical. In 
the cases where the diffusion of long chain polymer is restricted (eg. polymer chains are 
very rigid at reaction temperature), the predicted morphology shows very good agreement 
with experiment observations. One advantage o f this model, compared to other existing 
models mentioned below, is that it simulates the emulsion polymerization and polymeric 
radical diffusion process in a real reaction time scale. The simulations include both 
polymerization and diffusion steps, which are the two major competitive factors for 
morphology development.
In a short summary o f the models above, the thermodynamic models are good for 
prediction of composite latex particle morphology when polymer chains have high 
mobility during and after polymerization; and the kinetic model developed by Sundberg 
et al works best when the diffusion of terminated polymer chains are minimized. In a lot 
cases, however, the morphology is more complicated, when the polymer chains are able 
to diffuse to a certain degree after termination towards the equilibrium structure
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predicated by thermodynamics, but not able to reach that equilibrium due to low mobility 
of long polymer chain and limited reaction time. Attempts to resolve such situation will 
be involved in later section of this report.
Asua et al [17] developed a different Monte Carlo model for composite morphology 
development. Water and different polymer phases are considered as equal-sized small 
rigid spheres dispersed in a simulated spherical cell. The interfacial tension between 
different phases is considered in the model, and it allows calculating the final equilibrium 
structure o f the system with multiple polymer components. The real time scale and 
mobility of the polymer chains are not considered by the model, nor is polymerization 
kinetics. In addition, the starting point is a fictitious assembly of an arbitrary number o f 
spheres o f one polymer dispersed within the other. This makes the model difficult to 
apply.
Duda et al [18] developed another Monte Carlo morphology model that is similar to 
Asua’s above. In the model water molecules are treated as hard disks o f an assigned 
diameter, and different polymers are treated as chains o f connected hard disks. Interfacial 
tension between different components are reflected by an interaction parameter between 
different disks, and the polymer chain rigidity is also considered when defining the 
continuity (angle formed between neighbor disks) o f polymer chains (connected disks). 
Morphologies will be generated by the distribution o f the disks after a sufficient number 
o f calculation steps, and such morphologies are considered as equilibrium states. This 
model treats the composite system as a mixed blend system initially, and simulates the 
final equilibrium stage. A lot o f important factors as discussed above are overlooked in 
this model in order to predict the morphology development o f emulsion polymerization.
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In particular there is no realistic treatment o f radical entry or polymer chain diffusion 
within the particles.
To study the phase separation behavior within latex particles during the process o f 
emulsion polymerization, a model must be able to treat polymerization and chain 
diffusion processes at the same time, while the process o f polymerization should also 
impact the chain diffusion for separation. To our current knowledge, there are no models 
that attempt to simulate the polymerization induced phase separation (PIPS) for 
morphological development of emulsion systems. However, PIPS has been extensively 
studied by many researchers [19,20,21,22,23,24,25,26,27,28,36,37] for 
solution/bulk/condensation polymerization systems. And there are a few models that can 
treat the both polymerization and chain diffusion at the same time.
Williams et al [29,30] developed a dynamic model for the rubber-modified epoxy system. 
It incorporates the polymerization rate equation into the Flory Huggins (F-H) equation for 
the calculation o f the changing equilibrium state during reaction. Consequently, the 
specific phase diagram can be calculated for the degree of conversion during 
polymerization process. It is very inspiring to combine thermodynamics and dynamic 
reaction rate equations together, because the driving force for phase separation can be 
evaluated during the polymerization process. For the specific system Williams et al were 
interested in, phase separation follows nucleation and growth mechanism. The nucleation 
rate is considered to result from composition fluctuations, where the diffusion rate o f 
polymer chains is also incorporated. The growth rate o f phase separated domains was 
determined by both driving forces (from F-H equation) and resistances (diffusion rate).
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Therefore, phase separation by nucleation and growth was systematically modeled during 
reaction time (conversion) with reasonable detail and realistic outputs.
Nucleation and growth theory (NG) requires the polymer chains to be able to reach their 
equilibrium location reasonably fast and before the reaction conversion is driven into the 
unstable region. Phase separation in this unstable region will happen via spinodal 
decomposition (SD). Many free radical polymerization systems might go through both 
mechanisms (NG & SD) due to the fact that polymer chains diffuse relatively slowly but 
polymerization reaction happens quickly. If we assume a homogenous composition at the 
beginning before any phase separation happens, it is rational to consider that homogenous 
nucleation should be the starting point for NG mechanism. However, homogenous 
nucleation requires supercooling (quenching) o f the system to create a critical nucleus 
size. Such a requirement hinders the NG process and thus makes spinodal decomposition 
more favorable.
Spinodal decomposition is commonly simulated by Cahn-Hilliard equation [31,32,33], 
which is a mathematic equation describing the phase separation process o f a binary 
system. The detailed background and discussion will be delivered in the later sections.
3.2. Introduction
Our earlier studies have shown that the diffusion o f polymer chains plays the key factor 
in the control o f the morphology of composite latex particles, though the final 
thermodynamic equilibrium morphology is determined by interfacial tensions between 
the different polymers and water for composite systems o f immiscible polymers. 
UNHLATEX®Kmorph software brings together both the reaction and diffusion '
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processes during the reaction and allows the prediction o f morphology formation in latex 
particles under dynamic conditions. In a seeded emulsion polymerization process, the 
second stage polymers enter the seed particles when they are very short chain, and then 
they will grow longer during polymerization within the particles. From the diffusion 
kinetics o f the polymer chains, the mobility o f the polymer chains will decrease 
geometrically (i.e. 1/(number o f repeat unit)2) as the chains get longer. Therefore the 
diffusion o f the short-chain polymeric radicals can be a good indication o f how far the 
second stage polymer can enter into the seed particles. If  the seed particle is very rigid, 
even the very short polymer chains can only enter the outside region of the particle, and 
then there will be very limited penetration of the second stage polymer. Otherwise, if the 
seed polymer is soft, the second stage polymer may be able to enter into the center o f the 
seed particle and locate all through the particle. UNHLATEX®Kmorph simulation 
records the diffusion history of second stage polymeric radical, and the results reasonably 
indicate how far the second stage polymer enters into the seed particles. For example in 
Figure 3.1(a), the seed polymer is rigid (Tg > reaction temperature), so the second stage 
polymer (marked as dark dots) can only penetrate the very outside region. But in Figure 
3 .1(b), the seed particle is soft (Tg < reaction temperature), and then the second stage 
polymers can penetrate the whole particle. The UNHLATEX®Kmorph simulation shows 
the fractional penetration (the distance into the particles that radicals can diffuse, divided 





Figure 3.1: UNHLATEX®Kmorph 7.0 simulations of the penetration of second stage polymer
into the seed particles.
However, the effect o f other parameters is not quite as clear at this stage, and it requires a 
systematic study to model those impacts. For example, the diffusion rate o f the second 
stage polymer chain is currently treated in UNHLATEX®Kmorph by only considering 
the seed polymer Tg, reaction temperature and second stage polymer chain length. But it 
is also reasonable to think that the rigidity (or Tg) o f the second stage polymer chain is 
also a factor in determining its rate of diffusion. Rigid polymer chains should diffuse 
much slower than the flexible chains. According to de Gennes’s theory [35], the polymer 
diffusion process happens in a reptation manner for flexible coil of polymers. There is a 
characteristic length (lp) o f the repeatable units in a polymer. Soft polymers can be treated 
as a random flexible coil o f such units connected together. The characteristic length is 
close to the length o f the monomer unit for a very soft polymer, but it is larger for a rigid 
polymer because there is less mobility between adjacent monomer units. The diffusion 
coefficient thus will be smaller for these coils with longer lp units. In addition, the 
crosslink density o f the seed polymer will change the translational mobility o f  the seed 
polymer chains and therefore affect the overall movement o f chains within the latex
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particle during reaction. We have been working with carefully designed experiments to 
reveal such effects and so as to improve our understanding and to enhance our models.
For the thesis work in the current chapter, all the completed experiments are summarized 
in a matrix format in the Appendix A, and are also detailed individually in the following 
Appendix pages. All the quantification data o f the DSC results are listed in the Appendix. 
We chose carefully from the runs with a good monomer conversion characteristics for the 
discussions and conclusions presented in this chapter.
First, we designed seed polymers with a wet Tg (glass transition temperature o f polymer 
in its fully hydroplasticized state) above reaction temperature (rigid seed), barely below 
reaction temperature, and well below reaction temperature (soft seed). The second stage 
polymer was selected to be very rigid at the reaction temperature, so that the chain has 
high mobility only at low degrees o f polymerization, and the second stage polymer 
penetration happens dominantly at the very early stage o f a growing chain. The chains 
will not likely move after they are terminated at a typical molecular weight o f 100,000, 
and so the location of second stage polymers will reflect the degree of radical penetration 
during reaction. The effect o f seed polymer rigidity can be evaluated by this series of 
experiments, and the degree of penetration can be obtained quantitatively from TEM 
images and compared to our model calculations. In addition the degree of phase 
mixing/separation can be measured via DSC and provide new, critical data from which 
we can model the phase separation process.
Next, with one seed polymer fixed at a certain Tg that allows a certain degree of second 
stage polymer penetration, we can design a series of experiments with different Tg’s o f
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the second stage polymers. This allows us to study the effect o f the flexibility o f second 
stage polymer chains on the final morphology of the composite latex particle. Moreover, 
we also added chain transfer agent (CTA) into our experiments to study the effect of 
second stage polymer chain length on the final morphology. But we note that another 
function o f CTA is to increase the penetration depth o f second stage polymers by creating 
new, small, uncharged radicals within the seed particle. This particular effect has been 
documented earlier by Stubbs et al [34].
The polarity difference between different polymers provides the driving force for phase 
separation. We designed our first set o f experiments with hydrophobic seed polymers, 
and polymerized hydrophilic second stage polymers. Then we inverted the polarity 
sequence by polymerizing a hydrophobic polymer in presence o f a hydrophilic seed 
polymer. At thermodynamic equilibrium with a stage ratio o f unity, the two cases have 
the same composition and same the polarity gap, and so the equilibrium state should be 
the same. But since the morphology is also controlled by the kinetic factors, the particle 
structure obtained could be different.
Particle size o f the seed is also considered in our study. It is common knowledge that in 
well phase separated composite polymers there is always an interfacial region with a 
thickness around 10-15 nm (i.e. surface tension = lmN/m) even if two polymer phases 
are highly incompatible. This is due to inter-diffusion o f polymer chains across the 
interface. Based on such an understanding, a well phase separated, composite particle 
will naturally contain a certain amount o f interfacial polymer, and therefore smaller 
particle sizes should have a bigger fraction o f the total polymer being in the inter-phase
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layer since that thickness does not change with particle size. We have designed 
experiments to probe this idea.
3.3. Experiments and discussion
3.3.1. The effect o f the wet glass transition temperature o f seed polymer (seed Tg)
We prepared 3 relatively hydrophobic seed latices (poly(Styrene-co-hexyl methacrylate) 
[P(St-co-HMA)]) with wet Tg’s at 80°C, 60°C, and 40°C. The particle sizes are all 
around 180nm. At a reaction temperature o f 70°C, they are rigid, medium, and very soft 
polymers, respectively. The second stage polymer was chosen to be PMMA with a wet 
Tg around 99°C and thus being very rigid at reaction temperature. The second stage 
monomer was added at rates so as to control the level o f MMA monomer in the particles 
during reaction. The data presented below are for starve fed conditions where the 
instantaneous monomer concentration was less than 1.0 molar in the particles. This 
makes the plasticizing effect o f monomer in the particles to be minimal.
In Figure 3.2, experiment RC1-07 represents the DSC scan o f  the 80°C wet Tg seed/ 
PMMA composite sample. In cycle one (blue) it shows well separated peaks indicating 
little or no phase mixing (22.9% interphase from quantification). In cycle 2 (red) the DSC 
scans the sample after annealing the dry sample at 150°C for 30 minutes, and in this case 
the phase distribution would be driven very close to the final equilibrium state by the 
ability o f chain diffusion at high temperature. The difference between the two cycles is 
not significant. The TEM images (Figure 3.3) show very clearly a core-shell structure, 
with the styrene-containing seed copolymer being stained dark in the core, and the second 
stage PMMA being bright as a very distinguishing shell. Compared to the bright acrylic
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regions in other TEM images in this report, this shell is the brightest because there is no 
possibility o f having styrene containing polymer chains mixed in the shell due to very 
limited penetration of the second stage polymer during reaction.
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Figure 3.2: DSC scans of RC1-07 (80°C wet Tg seed/ PMMA), SMT1-08 (wet 60°C wet Tg seed/ 
PMMA), and BJ2-74 (40°C wet Tg seed/ PMMA). Blue curves are cycle 1, and red curves are 
cycle 2. Seed polymer is P(St-co-HMA) in all cases.
%
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Figure 3.3: TEM image of sectioned, ruthenium stained RC1-07 (80°C wet Tg seed/ PMMA) 
particles. The resolution of the TEM images is higher in electronic format than in printed format.
Experiment described in RC1-07 depicted a good example where the seed particle is 
rigid, and the second stage polymer can only penetrate to a small degree without 
significant mixing with the seed material, but mostly stay on the outside region o f the
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seed particle. The phase separation step does not need to happen if there is no phase 
mixing in the beginning. If we allow for a higher monomer concentration (and thus lower 
effective Tg of the seed particle) during the reaction, the monomer plasticizing effect will 
make the penetration o f the second stage polymer easier, creating polymer mixing within 
the particle and some phase separation may happen as well. An example o f the higher 
instantaneous monomer concentration (~2 Molar) in the particles is seen in Appendix A, 
page 228 (RC1-08, 0.5 hour feed). The DSC results shows more phase mixing (45.7% 
interphase) than the 2 hour feed reaction (RC1-07,22.9% interphase, Appendix A, page 
216). These results suggest at least the penetration step (which leads to phase mixing) can 
be significantly affected by the monomer concentration and that can be changed by the 
feed rate o f the monomer.
The SMT1-08 curves in Figure 3.2 represent the DSC scans o f the 60°C wet Tg seed/ 
PMMA composite sample. In cycle one (blue curve) there is no distinguishable peak for 
pure PMMA at 119° C, and that indicates a lot o f phase mixing (82.0% interphase from 
quantification). After the annealing step as described above, cycle 2 (red curve) shows a 
well phase separated polymer as indicated by the two separated peaks. There is a 
dramatic difference between the two DSC curves for this sample, indicating extensive 
phase mixing at the end o f the reaction. As shown by the TEM images below (Figure 
3.4(A)) for the as reacted latex particles, the core appears very dark so it is rich in styrene 
containing seed polymer, and the rest looks less dark and so it must have much less seed 
polymer there. But comparing this to the shell region in Figure 3.3, there are no regions 
that are completely bright and that means there is certain amount of seed polymer mixed 
with PMMA. The fact that there is no very bright region representing pure PMMA phase
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agrees with the DSC result that there is no distinguishable peak at around 119°C in cycle 
1 (Figure 3.2. SMT1-08 blue curve). In Figure 3.4(B) we present the simulated particle 
structure from UNHLATEX®Kmorph 7.0 software. The picture on the left represents o f 
the simulated cross section o f the composite particle, and the picture on the right 
simulates the TEM image o f the particle slices. The calculation indicated that the second 
stage polymer can penetrate 10% of the seed particle in radius direction. The distribution 
of the second stage polymers is quite similar from both experiments and the simulations.
Figure 3.4(A): TEM images of sectioned, ruthenium stained ST1-08 (60° C wet Tg seed/ PMMA)
particles.
Figure 3.4(B): The predicted morphology from the UNHLATEX®Kmorph simulation for ST1-08 
sample in Figure 3.4(A). Black regions represent the second stage polymer.
35
Chapter Three
The BJ2-74 curves in Figure 3.2 represent the DSC scans o f the 40° C wet Tg seed/ 
PMMA composite sample. Very similar to the SMT1-08 curves (82.0% interphases), 
cycle one (blue curve) shows a great deal o f phase mixing (60.6% interphase), and in 
cycle 2 (red curve) it shows a well phase separated polymer. The UNHLATEX®Kmorph 
data for BJ2-74 shows the second stage polymer can penetrate into 45% o f the seed 
particle radius, and the predicted structure (Appendix A, pp247) shows the second stage 
polymer is distributed broadly in the particle.
Collectively this set o f experiments demonstrates that the seed Tg controls the degree of 
penetration of the second stage polymers at a fixed reaction temperature and under starve 
fed conditions. In addition, when the reaction temperature is below the Tg o f the 2nd 
stage polymer, there is a lot of mixed state, kinetically frozen polymer. In the next section 
we will show that the seed Tg itself is not adequate to determine the penetration, and we 
need to consider it together with the reaction temperature to make a valuable assessment.
3.3.2. Effect o f reaction temperature as compared to seed polymer Tg
Considering our experiment o f the 80°C wet Tg seed/ PMMA reaction (RC1-07 in Figure 
3.2), the seed particle is rigid at a reaction temperature o f 70°C and that led to very little 
penetration o f second stage polymer and resulting in very little phase mixing and a core­
shell particle. If we raise the reaction temperature to 90°C, the same seed now becomes 
soft and penetration should occur during reaction. The DSC scans in Figure 3.5 support 
this statement. The bottom curve (SMT1-07, reaction temperature = 90°C) shows a lot o f 
phase mixing as compared to the top curve (RC1-07, reaction temperature = 70°C). An 
interesting thing to do is to compare the DSC data from two similar experiments in which
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the (Treaction -  Tgseed) are the same, but the actual reaction temperatures are different. 
Such a comparison is provided in Figure 3.6(A). Here the top curve (Treaction = 90°C, 
Tgseed = 80°C) shows very similar phase mixing as the bottom curve (Treaction = 70°C, 
Tgseed = 60°C). These experiments have the very same (Treaction -  Tgseed) o f 10°C, 
and clearly demonstrate the controlling aspects o f this AT variable. It is worthy to note 
that the polymerization rate also changes at different temperatures, and it is possible that 
higher reaction temperature may affect the polymer chain length and thus the diffusivity 
o f the second stage polymer chain. But the second stage polymer in this set o f 
experiments is rigid at both reaction temperatures, and so the impact o f chain length 
should not be significant since the chain would become too stiff to move at low degree of 
polymerization.
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Figure 3.5: DSC scans of composite samples. Top: RC1 -07(80° C wet Tg seed/ PMMA) with 
reaction temperature at 70° C. Bottom: SMT1-07 (80° C wet Tg seed/ PMMA) with reaction
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Figure 3.6 (A): DSC scans of composite samples. Top: SMTl-7(80° C wet Tg seed/ PMMA) with 
reaction temperature at 90° C. AT= reaction temperature -  seed Tg =10° C. Bottom: SMT1-08 
(60° C wet Tg seed/ PMMA) with reaction temperature at 70° C, AT=10° C. Blue curves are
cycle 1 and red curves are cycle 2.
Subsequently we conducted a quantification analysis (Figure 3.6 (B)) for the DSC signals 
in Figure 3.6 (A). In Figure 3.6 (B) “Annealed S” refers to the DSC signal for the thermal 
annealed sample (curves from the second scan in the DSC). The original sample 
(“Analyzed S”, curves from the first scan in DSC) represents the as-reacted latex 
polymer. In other words, the “Analyzed S” closely represents the phase distribution o f the 
as-reacted composite latex, which is o f our main interest; the “Annealed S” better 
represents the distribution o f polymers at equilibrium, which can be a good reference 
state of the composite materials. The upper plots in Figure 3.6 (B) shows the simulated 
phase profile, with y=l standing for pure seed polymer, and y=0 being pure second stage 
polymer. The transition from y=l to y=0 describes the interphase mass profile. The two 
samples (Analyzed S) both show very broad interphase region, and very similar slopes o f 
the curves. The bottom curves plot the mass distribution of the simulated phases. If we 
define the interphase region to be 0.1<seed wt. fraction (x)<0.9, the SMT1-07 sample 
contains 85% of total mass in the interphase region, and the SMT1-08 contains 82%. The
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two results indicate that the amounts o f phase mixing in the two composite samples are 
very close to each other, and this gives added weight to the conclusion that this AT is a 
controlling variable.
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Figure 3.6 (B): Quantitative analysis of phase mixing characteristics by decomposition of DSC
curves in Figure 3.6(A).
3.3.3. The effect o f  rigidity (or Tg) o f  second stage polym er
We chose a non-polar P(St-co-HMA) seed with a wet Tg at 60° C to study this effect. At 
a reaction temperature of 70° C, the second stage polymer can penetrate into the seed to a 
certain degree (10% of the radius as predicted by UNHLATEX®Kmorph). We applied a 
series of polar second stage polymers P(MMA-co-MA) with different wet Tg’s, from 
above to below the reaction temperature, while keeping the polarity difference between 
the seed and second stage polymers nearly the same. Based on our earlier treatment o f 
such systems, the penetration depth o f the second stage polymer should be very similar to 
each other regardless o f their individual Tg’s o f the second stage polymers since
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penetration happens when the chains are short. This offers us the opportunity to study the 
phase separation process with similar degrees o f penetration and phase mixing before 
phase separation begins. Figure 3.7 shows several results for experiments with the same 
seed polymer but with second stage polymers with very different (Treaction -  Tg2nd) 
values. Note that the curves from top to bottom represent changes in the Tg2nd going 
from well above to well below reaction temperature. The SMT1-08 curves represent the 
60° C wet Tg seed/ PMMA run as shown earlier, and there is a great deal o f phase 
mixing. The RC1-24 curves stand for the 60° C wet Tg seed/ P(MMA-MA, wet Tg= 60° 
C) reaction, and due to the fact that the Tg’s o f both stages are very close to each other, it 
is hard to interpret the phase mixing visually though there is still a significant difference 
between the 2 cycles. Note that the DSC curves represent dry Tg’s. The cycle 2 curve 
displays an abnormal shift in the higher Tg peak towards lower temperature (it should 
have moved to a higher temperature). This makes it impossible to quantitatively analyze 
this set o f data. The RC1-25 curves are from a sample o f the 60°C wet Tg seed/ P(MMA- 
MA wet Tg~20°C) reaction. Here the amount o f phase mixing is very low and phase 
separation is almost complete, judging from the difference between the 2 DSC cycles. 
Decreasing the wet Tg of second stage polymer even further to around 0°C (RC1-15), we 
again see nearly complete phase separation during the reaction. To sum up the messages 
contained in Figure 3.7, the wet state glass transition temperature of the second stage 
polymers dramatically affects the extent o f phase separation in the composite polymer 
particle as it exists at the end o f the reaction. It is striking how quickly this happens as the 
2nd stage Tg moves past the reaction temperature! Please note that all o f these results and 
conclusions are based on experiments in which the second stage monomer concentrations
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during the reaction were quite low (starve fed), thus avoiding the plasticizing effect o f 
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Figure 3.7: DSC scans of composite samples. From top to bottom: first, SMT1-08(60° C wet Tg 
seed/ PMMA); second: RC1-24 (60° C wet Tg seed/ PMMA-MA, wet Tg =60° C) ; third, RC1- 
25 (60° C wet Tg seed/ PMMA-MA, wet Tg =20° C); fourth, RC1-15 (60° C wet Tg seed/ 
PMMA-MA, wet Tg =0° C). Blue curves are cycle 1 and red curves are cycle 2.
3.3.4. The effect o f  seed latex particle size
There is a natural width o f the interfacial region due to inter-diffusion of polymers within 
a composite particle. As shown in Figure 3.8, we assign a common value o f ~10nm to the 
width of inter-phase. At a stage ratio o f unity, even at thermodynamic equilibrium, a 
small composite particle would have more inter-phase than a large (227nm) one (17% vs. 
8% interphase, respectively) without yet considering further phase mixing due to non­
equilibrium structure. We designed several experiments to test this idea. Figure 3.9 shows 
two experiments (60° C wet Tg seed/PMMA)with the only difference being the initial 
size o f the seed particle, and though there is non-equilibrium phase mixing in cycle 1 
(solid curves), the DSC scans (especially the second scan) can almost overlay upon each 
other, meaning the degree of phase mixing is very similar. Thus in this case we see no
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effect of particle size on the degree o f phase mixing after reaction. Figure 3.10 shows 
another set o f such comparisons for (60° C wet Tg seed/PMA) samples. Note here that 
the second stage polymer is PMA rather than PMMA; the former has a wet Tg of less 
than 10°C which is very much lower than the reaction temperature o f 70°C. The RC1-09 
curves are composite samples from a 90nm seed and RC1-15 curves are samples from an 
180nm seed. Both samples are clearly well phase separated during polymerization. In 
neither case, as shown in Figure 3.9 and Figure 3.10, can we find an indication o f more 









Figure 3.8: Scheme of interfacial regions in particles of different sizes. Values are calculated
based on volume fraction.
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Figure 3.9: DSC scans of composite samples. Black curves: SMT1-08 (60° C wet Tg seed/ 
PMMA) with seed particle size of 180nm; Green curves: BJ2-76 (60° C wet Tg seed/ PMMA) 
with seed particle size of 90 nm. solid curves are cycle 1 and dotted curves are cycle 2.
b 0.03 -







80 100 120 140-20 0
Universal V4.5A
Figure 3.10: DSC scans of composite samples, top curves: RC1-09 (60°C wet Tg seed/ PMA) 
with seed particle size of 90nm; bottom curves: RC1-15 (60°C wet Tg seed/ PMA) with seed 
particle size of 180nm. Blue curves are cycle 1 and red curves are cycle 2.
3.3.5. The effect o f  gel content in the seed.
Crosslinking of the seed polymer will greatly reduce the translational (center o f mass) 
mobility o f the seed polymer chains. Therefore when second stage polymers penetrate 
into the seed, they may be less likely to diffuse easily and separate from the seed 
polymer. More phase mixing might be expected to exist in the composite samples with a
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gelled seed. However as shown in the RC1-32 curves (60° C wet Tg seed/ PMMA-MA, 
wet Tg =20° C) in Figure 3.11, with a seed crosslinked by 0.5wt% o f EGDMA, (resulting 
in 95wt% gel content as measured by THF extraction), the phase separation is almost 
complete, and there is no visible difference from the RC1-25 (normal seed without any 
gel) curves. RC1-41 curves are from yet another sample (same crosslinked seed) with a 
second stage polymer o f slightly higher wet Tg (30 vs. 20°C), and it shows again that 
phase mixing is not dramatic. We are certain that second stage polymer chains are able to 
penetrate into the crosslinked seed based on another experiment with PMMA being the 
second stage. This is shown in Figure 3.12 where the DSC curves show a lot o f phase 
mixing in the as reacted sample. The lack of an effect o f seed polymer crosslinking on the 
phase separation process when the 2nd stage polymer is soft is somewhat puzzling. One 
explanation can be that there is an elastic force due to crosslinking o f the seed that that is 
activated when the seed particle is continuingly swollen with 2nd stage monomer during 
the reaction. This force might impose another driving force for second stage polymers to 
separate out from the seed polymer in addition to the usual phase compatibility forces.
The TEM characterization in Figure 3.13 indicated that the seed polymer (dark) is all 
through the particle but the shell region looked brighter than the core region. The limited 
resolution of the images makes it difficult to draw a solid conclusion, but we speculate 
that the polar second stage polymers are separated towards the outer region o f the 

















80 100 12020 40 140-20 0
Figure 3.11: DSC scans of composite samples. Top curves: RC1-32 (60° C wet Tg gel 
seed/PMMA-MA, wet Tg =20° C); middle curves: RC1-25 (60° C wet Tg non-gel seed/PMMA- 
MA, wet Tg =20° C); bottom curves: RC1-41 (60° C wet Tg gel seed/ PMMA-MA, wet Tg =30° 
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Figure 3.12: DSC scans of a composite sample show phase mixing. RC1-33 (60° C wet Tg gel 




Figure 3.13: TEM images of sectioned, ruthenium stained RC1-32 composite particles, P(St-co- 
HMA) gel seed (wet Tg = 60° C) (dark), second stage P(MMA-co-MA) (bright) (wet Tg=20° C).
3.3.6. The effect o f  reversing polarity o f  the seed  and  second stage polym ers
The driving force for phase separation in the composite particle is the incompatibility (i.e. 
free energy) between the two different polymers. We ran two starve-fed experiments with 
the opposite polymerization sequence: one (SMT1-08) used a non-polar P(St-co-HMA) 
seed (wet Tg=60°C) and a polar P(MMA-co-MA) second stage (wet Tg=90° C); and the 
other one (RC1-37) used a polar P(MMA-co-MA) seed (wet Tg=60° C) and a non-polar 
P(St-co-HMA) second stage (wet Tg=90° C). In both cases the second stage polymers are 
able to penetrate into the seed (with seed Tg lower than reaction temperature). The 
potential o f grafting the second stage polymer onto seed chains is minimal according to 
the UNHLATAX®Kmorph simulation. But they are too rigid to phase separate well 
(with second stage polymer Tg higher than reaction temperature), as discussed earlier. As 
shown in Figure 3.14 (A) there is substantial phase mixing in both systems, and inversing
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the polarity make a difference regarding the overall extent o f phase mixing behavior, as 
shown below in the quantification results.
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Figure 3.14 (A): DSC scans of composite samples. Top, SMT1-08(60° C wet Tg non-polar seed/ 
PMMA); Bottom: RC1-37 (60° C wet Tg polar seed/ PSt-co-HMA, wet Tg =90° C). Blue curves
are cycle 1, and red curves are cycle 2.
As described earlier, we conducted a quantification analysis as shown in Figure 3.14 (B) 
for the DSC signals in Figure 3.14 (A). The comparison between top two curves 
(Analyzed S) shows that RC1-37 sample has a steeper interphase profile and thus less 
degree of phase mixing. Again if  we define the interphase region to be 0.1<seed wt. 
fraction (x) <0.9, the SMT 1-08 sample contains 82% o f total mass in the interphase 
region, and the RC1-37 contains only 27%. Such a result is both interesting and 
surprising, and more comparisons are recommended in future experiments. The second 
stage polymers in both cases are rigid at the reaction temperature, and thus they will not 
phase separate after penetration into the seed particles. So, the difference in the degree of 
phase mixing may result from the differing ability o f the second stage polymers to 
penetrate into the seed particle (degree of penetration). At this stage, it is difficult to 
explain why and to what extent the reversed polarity affects the penetration depth. The
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oligomer length of the radicals at the entry stage into the seed particle is different for 
polymers with different polarity. Non-polar second stage polymers will enter the seed 
polymer at a shorter chain length compared to polar polymers, thus the penetration step 
should be easier for non-polar polymers. But the easier penetration should lead to more 
phase mixing, which is the opposite of our findings. Another possibility is that the “dry 
Tg” of the seed polar polymer in RC1-37 is right around 70°C, but water plasticization 
effect brings the “wet Tg” down to 60°C, according to our design o f experiments. From 
our earlier calculations, the mobility o f second stage polymers change dramatically 
within this temperature range (60-70°C) at the reaction temperature o f 70°C. Therefore, a 
small mismatch o f the effective Tg values o f the seed materials may lead to a significant 
difference in the degree of penetration o f second stage polymers. The monomer 
concentration in the particle was also different during the two reactions. There was more 
monomer in RC1-37 (0.7M) plasticizing the system than that in SMT1-08 (0.2M), but 
this difference should result in more phase mixing due to easier penetration of second 
stage polymers, which is opposite of our findings.
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Figure 3.14 (B): Quantitative analysis of phase mixing characteristics by decomposition of DSC
curves in Figure 3.14(A).
There is another interesting comparison when both seed and second stage polymers are 
soft at reaction temperature. We conducted one experiment (RC1-25) with a non-polar 
P(St-co-HMA) seed (wet Tg=60° C) and a polar P(MMA-co-MA) second stage (wet 
Tg=20° C), and a second one (RC1-38) with a polar P(MMA-co-MA) seed (wet Tg=60° 
C) and a non-polar P(St-co-HMA) second stage (wet Tg=20° C). Both reactions showed 
well phase separated signals from DSC scans, as in Figure 3.15. It is necessary here to 
point out that the dry Tg’s o f seed polymers are different in both cases due to polarity 
differences, though the wet Tg’s were designed to be the same. Due to the experimental 
error, the dry Tg’s o f the non-polar components in both experiments appear even 2 or 3 
degrees lower than the designed wet Tg’s, and this means the actual polymers we used 
may be softer than we expected. Since all polymers are designed to be soft at reaction 
temperature, this variation should not affect our interpretation significantly. It is very 
surprising that both latex samples can form a film while drying at room temperature. This 
indicates that the outside region of the particles o f  both composite samples are composed
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of mainly low Tg, second stage polymers because otherwise the high Tg polymers (wet 
Tg=60° C) would not film-form at room temperature (-20° C). Since all polymers were 
soft during the reaction step, a well defined core-shell structure was expected for both 
cases (non-polar polymer being the core) based on thermodynamic considerations. This 
means the RC1-38 latex should NOT film-form at room temperature, which does not 
agree with observations. We also captured TEM images for both systems and they 
confirm that the outside region is mainly low-Tg polymers, as shown in Figure 3.16 and 
Figure 3.17. Figure 3.16 shows a very clear core-shell structure that is consistent with 
thermodynamic equilibrium. Figure 3.17, however, shows occluded, non-polar domains 
(dark) distributed towards the outside region o f the particle, and suggests that the soft, 
polar seed polymer remains at the surface of the particle. Such a distribution can explain 
the film-formation at room temperature.
The driving forces for phase separation, which are the surface interactions between water 
and polymer phases (Ywater-poiymeri, Ywater-poiymer2, Ypoiymeri-poiymetf), may potentially explain 
the difference of the morphologies in Figure 3.16 vs. 3.17. The structure in Figure 3.17 
shows big occlusions (surface area = A) of non-polar polymers in the outer region o f the 
particle. The driving force for all these big occlusions to consolidate into one big core 
(surface area = B) is very small (Ypoiymeri-poiymer2 x (A-B)), and therefore may take a very 
long time to reach the equilibrium core-shell morphology. In comparison, if there are big 
occlusions o f polar polymer in the outer region of the non-polar particle, the additional 
driving force then includes the water-polymer interaction ((Ywater-poiymeri- Ywater- 
poiymer2)x surface area o f the particle). So the overall driving force becomes bigger and the
50
Chapter Three
equilibrium morphology should appear more easily and faster. This may explain the fact 
that we observed equilibrium morphology in Figure 3.16 but not in Figure 3.17.
We have a few more similar experiments of acrylic-styrene systems and they also show 
second stage polymers tend to distribute to the shell region o f the composite particles. 
Figure 3.18 shows a composite particle o f P(MMA-co-MA) seed (wet Tg= 48°C) with 
PSt being second stage polymer and a reaction temperature o f 70°C. The composite latex 
was annealed at 150° C for more than 1 hour in a pressurized reactor, and the dark 
polystyrene phase is still not completely coalesced in the central core o f the particle. To 
explain the above observations, we believe that the very outside region o f such composite 
particles are polar polymers so as to reduce the interfacial tension again water phase, but 
still the polarity difference is not big enough to drive the phase separated non-polar 
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Figure 3.15: DSC scans of composite samples. Top, RC1-25 (60° C wet Tg non-polar seed/ 
PMMA-co-MA, wet Tg = 20° C); Bottom: RC1-38 (60° C wet Tg polar seed/ PSt-co-HMA, wet 
Tg =20° C). Blue curves are cycle 1, and red curves are cycle 2.
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Figure 3.16: TEM images of sectioned, ruthenium stained RC1-25 composite particles, P(St-co- 
HMA) seed (dark core) (wet Tg = 60° C),P(MMA-co- MA) second stage (bright shell) (wet
Tg=20° C).
8000x 8000x
Figure 3.17: TEM images of sectioned, ruthenium stained RC1-38 composite particles, P(MMA- 
co-MA) seed (bright) (wet Tg = 60° C),P(St-co-HMA) second stage (dark) (wet Tg=20° C).
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Figure 3.18: TEM images of sectioned, ruthenium stained composite particles, P(MMA-co-MA) 
seed (bright), PSt second stage (dark). The latex particles were annealed at 150°C for 2 hours.
3.4. Concluding Remarks and recommendations for future work
We have studied a series o f factors that may affect the phase separation and distribution
during emulsion polymerization based on styrene-acrylic composite systems. Without
considering the plasticizing effect o f monomers at high concentration during reaction, we
focused on starve-fed systems. We confirm that the difference between the reaction
temperature and the Tg of the seed polymer is critical in determining the degree of
penetration of the second stage polymers/radicals into the seed particles. After successful
penetration of second stage polymer, the chain will grow to a certain size until
termination happens. In the mean time phase separation may happen under proper
conditions. We studied conditions such as second stage chain rigidity, second stage
polymer chain length, crosslinking of the seed polymer, particle size, and polarity
difference. We learned that the wet Tg o f the second stage polymer (co mpared to reaction
temperature) is the most important factor that determines the ease of phase separation
(requiring chain diffusion) once successful penetration occurs. Other factors that in
theory might affect chain diffusion and subsequent phase separation, such as particle size,
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and crosslinking o f the seed polymer, do not lead to visible differences in the DSC scans 
at this stage of study. But it may also be true that such differences are not significant 
enough to be detected by our thermal analysis. Additionally, the polarity gap between 
seed and second stage polymers is very important in providing the driving force for phase 
separation, especially for the morphology of soft-soft systems.
Future work needs to consider a systematic study of the Tg effect of the second stage 
polymers on the phase separation process. The current study designed the wet Tg of the 
second stage polymers to be above, similar to, and below the wet Tg of the seed polymer. 
The results indicate that phase separation can happen significantly when both Tgs are 
below reaction temperature. The rate o f the separation should be controlled by the 
polymer diffusing more slowly (higher Tg), which is the seed polymer in current study. 
Therefore, future study should use a very soft, non-polar polymer (i.e. wet Tg = 0°C) as 
seed so the polar second stage polymers (i.e. P(MMA-co-MA)) can always completely 
penetrate into the seed particles at the reaction temperature o f 70°C. But the Tg o f the 
second stage polymer can be designed all higher than the seed Tg, so the phase separation 
process is controlled entirely by the mobility o f second stage polymers. The monomer 
concentration during the reaction needs to be maintained at a low (<1M) level, so as to 
minimize the monomer plasticizing effect as discussed earlier in this chapter. Then the 
degree of phase mixing can be properly characterized from DSC and TEM as a function 
of second stage Tg for such set o f composite samples. The diffusion rate o f polymers 
changes most dramatically during the glass transition, so the new set o f experiments 
should carefully locate the wet Tg of the second stage polymer especially near the 
reaction temperature. For a specific example, if the Tg of the seed polymer P(St-co-
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HMA) is 0°C, and the reaction temperature is 70°C, the wet Tg of the second stage 
polymer P(MMA-co-MA) can be designed to be reaction temperature+15°C, reaction 
temperature +12°C, reaction temperature +9°C , . . reaction temperature -15°C. So a full 
range o f mobility o f polymers can be studied at the same reaction temperature. Very 
similarly, another set o f experiments can maintain the wet Tg of the second stage 
polymer at 70°C, but change the reaction temperature from wet Tg +15°C to wet Tg - 
15°C. However, the polymerization rates are also very sensitive to the reaction 
temperature and may affect the diffusion process o f polymers, so that it is more difficult 
in practice to run the later set of experiments by maintaining the reaction rate to be the 
same at different temperatures. Moreover, since the temperature increments suggested 
above (3°C) is designed small so as to carefully study the diffusion rate profile, the 
monomer concentration during the reaction should be well controlled without plasticizing 
the system to a significant degree.
Future work needs to extend of the current work on polymer polarities. It is mentioned 
above that the reversed polarity o f seed/second stage polymer led to a difference in the 
degree of phase mixing. More experiments are necessary for a better understanding o f 
such results. If the polarity contribution is significant for the phase mixing behavior, then 
a series o f experiments with different polarity gaps should be designed. Secondly, when 
the system includes a hydrophilic seed and a hydrophobic second stage polymer, the 
morphology o f the composite particle is usually difficult to reach the equilibrium 
structure (e.g. hydrophobic core/hydrophilic shell) even after a thermal annealing 




Future work should find a composite system with differing degrees o f compatibility so as 
to affect the driving force for phase separation. The second stage polymer should be able 
to penetrate the seed particles, but can only partially phase separate. This way the degree 
of phase separation can be more sensitive to the parameters such as the degree o f 
crosslinking, the polymer chain length, and the particle size effect as discussed above. 
Further development o f quantification methods for DSC results and TEM image 
processing can also greatly facilitate such studies.
The author needs to acknowledge Ryan Clauson, Sean Tavares, and Dan Donahue for 
their work in conducting the experiments used in this chapter.
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Dynamic Model of Polymerization Induced Phase Separation (PIPS)
4.1. Background
Phase separation can take place when different components become incompatible with 
one another. For example, when high-density polyethylene (HDPE) is mixed with liquid 
paraffin (LP), it is a homogeneous mixture at high temperature, and when the system 
cools down, HDPE will crystallize and phase separate forming a porous structure [1].
This process is named temperature induced phase separation (TIPS) and is widely applied 
to prepare porous polymer membranes. In another example, two different polymers can 
be dissolved in a good solvent and form a homogeneous mixture. When the solvent is 
removed from the mixture, the two polymers will continuously separate from each other. 
This process is called solvent induced phase separation (SIPS). There is another case 
when phase separation is induced by polymerization (PIPS), for example, when polymer 
A initially mixed with monomer B and monomer B converts to polymer B, the 
incompatibility between the two polymers increases and phase separation will happen 
during the polymerization.
The driving force for phase separation is to minimize the free energy o f the system. The 
free energy is described by the Flory-Huggins equation, / ( c )  =  —  [— ln(c) +
(1—c')




component 1, k B is Boltzmann’s constant (J/K), T is temperature (K), v is the volume of 
a cell or segment. Ni and N2 are the degree o f polymerization of component 1 and 2, and 
the unitless % is the Flory’s interaction parameter between the two polymers. The free 
energy as described by Flory-Huggins equation combines an entropy contribution and an 
enthalpy contribution. The entropy term is always negative and favors phase mixing, 
because the mixing of the two materials brings more randomness. The enthalpy term 
stands for the energy required to mix the two polymers. For most polymers the enthalpy 
term is usually positive and favors phase separation. The balance between the two terms 
describes the tendency for phase separation. In PIPS, the entropy term decreases fast 
during polymerization, because the formation o f long chain polymers reduces 
randomness. Therefore the system can be initially homogenous because o f the high 
entropy contribution, but it will phase separate when entropy decreases to a certain 
degree.
Figure 4.1 below shows a typical triangular phase diagram predicted by Flory-Huggins 
theory. PI and P2 stand for polymer 1 and polymer 2, M2 stands for monomer 2. A, B, 
and C are different reaction paths: A is a batch reaction, where M2 and PI are initially in 
the system with 1:1 weight ratio; B and C can be monomer-fed reactions, where there is 
mostly PI at the beginning, and M2 is fed to the system with time. There are three 
regions in the triangle. The one phase region usually contains high amount o f monomer 
or very little amount of one polymer. There will be phase separation in the nucleation and 
growth region, but the rate o f separation will be relatively slow. Phase separation will 
happen dominantly and fast in the spinodal decomposition region. The comparison 
between the two separation mechanisms is illustrated in Figure 4.2 [2]. On the left (a) is
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shown the results o f nucleation and growth, where the separation happens “large in 
degree but small in extent”. And on the right (b) is the spinodal decomposition, which is 
“small in degree but large in extent”.
One phase
Phase separation by Spinodal Decomposition
Phase separation by Nucleation and Growth
Pi
Figure 4.1: An example of triangle phase diagram predicted by Flory-Huggins equation.
(a) (b)
Figure 4.2: Scheme of the composition profiles for (a) nucleation and growth and (b) spinodal 
decomposition. The dashed lines indicate the average composition, tl, t2, and t3 happen in time
sequence [2],
The systems of our interest are more likely to go through spinodal decomposition as the 
major mechanism for phase separation. For emulsion polymerization with free radical 
initiation, the polymerization goes fast and the polymer chain mobility decreases quickly. 
There is relatively little time for a nucleus to form and grow large. In addition, the 
incompatibility between different long chain polymers makes the nucleation and growth 
region extremely narrow. So it is very possible that the system will enter spinodal 
decomposition region before nucleation takes place to a significant degree.
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Spinodal decomposition is commonly simulated by the Cahn-Hilliard equation [3,4,5], 
which is a mathematical equation describing the phase separation process o f a binary 
system. The free energy o f the system expressed in Equation 1 was initially proposed by 
Cahn et al [3],
where c is the concentration (or volume fraction) of one component, / ( c )  stands for the 
homogeneous free energy, and the Flory-Huggins equation (Equation 2) is usually 
applied for polymer/monomer systems. The parameters in the Flory-Huggins equations 
are listed above. k (V c )2 represents the increase in free energy due to concentration 
gradients. K  is a positive unitless parameter related to the interfacial energy. According to 
Cahn et al [3, 5], the composition derivatives higher than the second order can be 
neglected in Equation 1. Thus this model implies that there is an inherent interphase (not 
sharp) between the two equilibrium phases, and the energy o f  that interphase can be 
assumed proportional to the square o f composition gradient (V c )2. The nonlinear C-H 
equation is derived to the form as in Equation 3, where D is the mobility o f the 
component.
F =  J[f(c) +  < V c)2]dV; (1)
f(c) =  M  [^ ln (c )  +  *7 j ^ l n ( l  -  c) +  *c(l -  c ) ] ; (2)
[D v p s s > - 2K72C] ] ; (3)
£ =  V- DVc;at (4)
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Notice that there is similarity between the C-H equation (Equation 3) and the Fick’s
second law of diffusion (Equation 4), and it is reasonable to think that the C-H equation
is a generalization of Fick’s second law [6,7]. The C-H equation replaces the gradient in
SFcomposition (Vc) in Fick’s law by the gradient in chemical potential (V—), and so it can
be used to simulate the phenomenon in spinodal decomposition. Moreover, the C-H 
equation does not fix the width o f interface, which in the Fick’s law is usually assumed to 
be zero. Both chemical potential and mobility o f polymer chains (coefficient D  in 
Equation 3) are considered in the C-H equation, and it has been applied [8] to simulate 
phase separation behavior in binary composite systems.
Chan et al [9,10] studied the reactive system of polymer-dispersed liquid crystals (PDLC) 
by combining the Flory Huggins equation with the C-H equation. Flory’s interaction 
parameter (x), interfacial tension (/c), and diffusion coefficients (D) are individually 
treated; the conversion of the reaction is used to calculate the degree of polymerization 
term (N) in the F-H equation. The phase distribution as a function o f time was calculated 
numerically from the C-H equation based on their assumptions. Parsa et al [11] applied a 
similar method to the phase separation in a polystyrene/poly(vinylmethylether) blend 
system. Kyu et al [12] applied a similar form of simulation to the PDLC systems, using 
combined Flory-Huggins free energies. Additionally, a term accounting for concentration 
fluctuations (77) is added to the calculations. Following Kyu and Chan’s work, Luo [13] 
presented a clear mathematic description o f phase evolutions governed by C-H theory.
E.B.Nauman and his co-workers [14, 15, 16, 17, 18, 19] have been working on the phase 
separation modeling since late 1980s. Their work has focused on the spinodal
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decomposition process. Similar to the Cahn-Hilliard theories, Flory-Huggins 
thermodynamics and Landau-Ginzburg function (a general form: F(q)= Fo + Fiq + F2q2+ 
F3q3+ F4q4+ ...) are combined together in Nauman’s work for the calculation o f free
energy and chemical potential in a phase mixed system heading towards phase 
separation. Fick’s law with modifications is involved for the dynamic predications o f the 
morphology.
Being different from the Cahn-Hilliard expressions, a pre-gradient, model fraction term 
(4>0 is included in their flux j ,  equation (Equation 5), and also the chemical potential 
terms ( p a , P b  ) are expressed uniquely as in the Equations 6, where g  is the free energy o f 
a homogeneous system equivalent to/(c). As a result, they derived Equation 7 to 
describe the change of the mole fraction o f one component (<]>i) with time.
The originally used mobility term (D) as a constant in the Fick’s law expression is
dependent. From such an expression, they further developed the criterion for phase 
separation in a polymer mixture is when N-y>2, where N is the number o f repeat units in 
the polymer chain, and % is the Flory-Huggins parameter. When N-y<=2, the composition 
fluctuation is not able to grow with time.
ji =  - D ^ V p ,  , i =  A o r  B (5)
(6)
(7)
q •replaced by D0a(1 — (pA) ^  2 and thus the diffusivity becomes compositionally
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The simple combination o f the Flory-Huggins equation and Fick’s law o f diffusion 
cannot describe the physical observation that a phase will ripen into large domains, which 
is the same drawback as discussed earlier. The Cahn-Hilliard theory incorporated the 
term k (V $a)2 to express the gradient energy, with higher order terms neglected. 
Equivalently, Nauman et al applied the Landu-Ginzburg functional and a more general
form is derived as AGmix = Jv [g + ^ (Va)2 +  ^ 2 2  (V2a )2] dv ,  where g  is the Flory-
Huggins expression for the homogenous system, the other two terms are attributed to 
gradient energy. Consequently, a continuity equation for component A is derived as a 
forth order partial differential equation (Equation 8). Numerical solutions to Equation 8 
can then be applied.
Moreover, a linearization treatment o f Equation 8 can allow possible mathematical 
solutions to the equation. The solution is displayed in the form of Equation 9, where L is 
the wavelength o f the compositional fluctuation. There is a critical value (LcritiCai) o f L as 
in Equation 9, above which the concentration fluctuations (phase separation) will grow, 
and below which the disturbance will decay.
The unknown parameters used in Equation 9 are % (in the g term) and k. The Flory- 
Huggins parameter % is more commonly calculated or measured readily in the open 
literature and handbooks. The interfacial energy parameter k can be calculated via the 





chains are required for the calculation o f the k . In general, the k  value contains two parts: 
enthalpic ( k h )  and entropic ( k s)  terms (Equation 1 0 ) . Nauman has summarized the 
derivations and results for different systems (e.g. polymer/polymer, polymer/solvent) in 
1990 [14].
K =  KH +  K gi K „  =  (R 6A * R6 B ) )C; K s  =  a t - J _  +  _ _ 1 _ ] ( 1 0 )
For multi-component systems the chemical potential, which is composition and gradient 
dependent, is given as in Equation 11 [23]:
Vn,  =  ( 1 - 4 , , ) ? ( f £ )  , i,j =  1 N (11)
When there is a reaction going on in the system, the Equation 8 is modified with 
polymerization effects as in Equation 12. jj is defined in Equation 5, and for first order 
reaction, Ri= - X<p\, where X is the rate constant.
^ • = —Vji +  Ri (12)
As an example, for a polystyrene (1), rubber (2), and styrene (3) system, with the 
assumption that the two polymers have the same radius of gyration, Rg, the model 
equations for polystyrene (1) is
^  =  7  • D . 4 . , 7  j ( l  -  Kh a V 2^  -  Kh c V 2^ )





X is the reaction rate constant for a first order reaction, k ha , k Hb , khc  are enthalpic 
component o f the interfacial energy parameter, and
1 ,  
k h a  ~  ^  ( . R g ) X i 3
1
k h b  =  g  ( . R g ) X 2 3  
1
k HC =  g  ( ^ | ) C f l 3  +  X 2 3  ~  2 ^ 12)
Based on Nauman’s work, the spinodal decomposition process is modeled according to a 
modified Cahn-Hilliard equation. The diffusion coefficient is treated in a non-linear form 
depending on the chemical potential. The Flory-Huggins equation is used to describe the 
free energy o f the system in a homogeneous state. The Landau-Ginzburg functional is 
applied to account for the gradient energy, and the interfacial energy constant is estimated 
from the mean field theory, based on the values of % parameter. Chemical reaction and 
polymer chain diffusion are both considered in this model.
In summary, the Cahn-Hilliard method is generally applicable to the spinodal 
decomposition process. Proper modifications are required for the simulation based on the 
specific types o f polymerization, such as physical blend vs. reaction system, condensation 
vs. free radical polymerization, batch vs. monomer-fed reaction, 2-component vs. multi- 
component, etc. The initial format o f the original theory and the application from 
Nauman is detailed in the discussions above. To the best o f our knowledge, most o f the 
simulations are on physical blends or batch, condensation polymerization systems, and 
there is little work on free radical systems, and none for monomer-fed systems. The
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existing models commonly use dimensionless variables, and so the mobility o f the 
polymer chain is treated in simple manners, such as constant, linear function o f molecular 
weight, or a function o f local concentration. Typical features o f spinodal decomposition 
can be successfully simulated, such as bi-continuous structure and droplet-like phases. 
Ostwald ripening progress can sometimes be observed.
4.2. Introduction
In general seeded emulsion polymerization systems command our interest. The second 
stage monomers are always miscible with the seed polymers. But when the monomers are 
converted into polymers, the incompatibility between the two polymers build up fast and 
provide the driving force for phase separation. Between the different polymer phases and 
the water, there is an interfacial interaction between all phases (seed polymer, second 
stage polymer, and water) and these interfacial interactions lead to the directed 
distribution o f different phases.
To model such a polymer phase separation process, a feasible model should at least 
consider the two driving forces for morphology development (incompatibility between 
different polymers and interfacial tension between different phases), and also the 
resistance due to polymer chain mobility. Cahn and Hilliard [3] adopted the Flory 
Huggins equation in their free energy equation, so the incompatibility between different 
polymers is considered by the Flory Huggins parameter (y). Also, a term ( k ( F c ) 2 ) that is 
proportional to square o f composition gradient is developed to represent the energy 
increase due to the existence of one or more interfaces. The mobility o f polymer chains is 
considered naturally in the Fick’s laws of diffusion. Therefore, a combination of the
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Cahn-Hilliard free energy equation with the Fick’s law o f diffusion meets the basic 
requirement for the simulation o f  polymeric phase separation, and so far many 
researchers have applied this method (the Cahn-Hilliard theory) to study phase 
development in their research fields, as discussed in the background section.
Since there is little work that has been done on the simulation for free radical emulsion 
polymerization, the following work has been designed stepwise from the simplest case 
towards more the complex ones, in order to make sure the mathematical model and the 
numerical simulations are tracking the reasonable physical features. Fick’s law of 
diffusion, the entropy and enthalpy contributions, and interfacial energy are treated 
separately first and then combined together for realistic systems. Towards the end of the 
discussion, the monomer-fed emulsion process is modeled with certain simplifications. 
Phase inversion phenomenon is also simulated from our model. A simulation for a real­
time scale, water-phase initiation, and monomer-fed emulsion composite system is still 
beyond the scope of current report. The difficulties and recommendations for future work 
will be delivered at the end of this section.
The parameters used in this chapter are chosen for illustration purposes, and also for the 
efficiency o f numerical simulations. In specific, the % parameter is assigned the value o f 
1.0, which is reasonable for incompatible polymers. The k  parameter for interfacial 
energy equals to 0.05, which seems small (comparing to Nauman’s estimation in 
Equation 10) but it facilitates the morphology development in our model. The unit for 
diffusion coefficient (D) can be related to the dimension of the simulated mesh area, for 
example, if a 128x128 mesh which is frequently applied below stands for 128nmxl28nm 
of area, the unit for D can be considered as nm2/time-step. The time-step might be, for
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example, 1 second of real time. The degree o f polymerization N i and N 2 are chosen to be 
1, 2, or 3, which are only realistic for unimer, dimer, or trimers. However, the high values 
of Ni and N2 (i.e. 1000 for a common polymer) will make the numerical simulation 
extremely slow due to some stability restrictions o f the model, and this will be further 
discussed at the end of the chapter.
4.3. Simulations using Fick’s second Law of diffusion combining different free 
energies
Qc
The simplest case starts from the Fick’s second law of diffusion — =  V ■ D Vc, where c
is the concentration of one component (0<c< 1), t is the time and M is the mobility. The 
energy potential at a random point in the system is described by its local concentration.
To eliminate the gradient in energy potential, the system will equilibrate when a 
homogenous potential (concentration) distribution is reached, and the total mass is always 
conserved following this method. Figure 4.3 below shows such process using 
dimensionless values for t, D=5xl0'3, and c. The pictures on top stand for simulated 
compositions at certain time on a 128x128 mesh, where pure white means c=l, and pure 
black means c=0. The plots on the bottom stand for the corresponding composition 
(concentration) across the middle o f the simulated area on the top. The Y axis is the 
concentration, and x from zero to one simply means from left to right. Similar figures 
from Matlab simulation in this report will follow the same layout. It is clear from the 
bottom plot that the initial fluctuations flatten out with time and the concentration at each 
point approaches to the average value.
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Figure 4.3: Simulated composition development following Fick’s second law of diffusion.
It is necessary to point out that Fick’s second law of diffusion inherently requires an
initial fluctuation o f the concentration, or more generally, the chemical potential. This is
because the state with a uniform concentration is always stable, as described by the
Qcequation where — =  0 when Vc =  0 for a homogeneous system. The fluctuation can
physically relate to the random fluctuations induced by thermal or mechanical 
disturbance. In current work, the initial fluctuation is generated by a random matrix 
following the Guassian distribution. The concentration plot o f the initial composition in 
each set o f images represents such a fluctuation. All fluctuation matrices applied in this 
thesis work are imposed on to the system only once at the beginning o f the simulation.
Fick’s second law o f diffusion works well when the energy potential at each point can be 
related to a linear (or convex) function of concentration (c), such as in heat transfer and 
air/water flow. Equilibrium is reached by eliminating the gradient in these systems. 
However in many composite systems, there is a driving force for phase separation due to 
incompatibility between different components, thus the equilibrium will be reached by
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phase separation which introduces a gradient. A common treatment o f such composite 
systems follows Flory Huggins equation of free energy / ( c )  =  —  [— ln(c) +
v  N \
ln ( l  — c) + Jfc(l — c)], where [ ^~ln(c) + ^ --- ln ( l  — c)] stands for the entropy
of the system, j fc ( l — c) stands for the enthalpy o f mixing, and % is the F-H parameter 
related to incompatibility o f the different components . Note that the Flory Huggins 
equation describes the free energy o f a homogeneous system, and provides a description 
of the driving force for phase separation from this uniform state.
In these systems, the equilibrium state involves phase separation and thus a gradient 
between different phases. If  Fick’s second law still applies, the energy potential function 
should be modified to fit this condition. Instead of the concentration term, c, used in the 
Fick’s law, a new potential is expressed as SF/<3c, where F is the free energy expression, 
and the derivative with respect to concentration stands for the energy potential. From the 
Cahn-Hilliard equation o f free energy, there are three terms; the entropy term as in Flory 
Huggins equation, the enthalpy term as in Flory Huggins equation, and a third term 
(ic(Fc)2) that describes the energy penalty at the interfaces.
The entropy term will be discussed first. Derived from statistical thermodynamics, the 
entropy will always favor mixed states because they contain more randomness. The 
equation is a convex function as shown in Figure 4.4, and phase separation ( f  (Co) 
separates into/ ( c \ ) , f  ( d ) )  will lead to an increase o f free energy (A f )  which is not 
favorable. If this is the only term in free energy equation, the direction o f the simulation 
as shown in Figure 4.5 will be very much similar to the original Fick’s second law as
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shown in Figure 4.3. (The initial condition is the same in Figure 4.3 and 4.5.) Again, the 
fluctuation diminishes with time and equilibrates at the average concentration.
/ ( c )  =  [^ j-ln (c ) + ^ ~ l n ( l  -  c)]
\ : /- /
‘ \ /(Cl) / ■
■
/  - /\
\ /  *
/(c0) ' \
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Figure 4.4: Plot for the entropy term in the Cahn-Hilliard equation. Ni=N2=1 in the current plot.
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Figure 4.5: Simulated composition development on a 128x128 mesh using only the entropy term
as free energy. (Ni=N2=1, D=5xl0'3, co=0.5).
The enthalpy term indicates that the system needs extra energy for the mixing of 
incompatible components. If this enthalpy term is the only factor in the free energy 
expression, the system will simply increase concentration fluctuations until pure phases 
are formed. As shown in Figure 4.6, the free energy will decrease by A/when the 
composition of Co can separate into c\ and C2- /S f reaches maximum when c\ and C2
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become zero and one, respectively. As shown in Figure 4.7 by simulation, the system 
keeps amplifying the initial fluctuation as more time steps are taken. The end point the 
calculation is when each point is either c=0 , or c=l.
/ ( c )  =  * c ( l  -  c )
c
Figure 4.6: Plot for the enthalpy term alone in the Cahn-Hilliard equation. % = 1 in the current
plot.
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Figure 4.7: Simulated composition development on a 128x128 mesh using only the enthalpy term 
as free energy. (Ni=N2=1, x= 1, D=5xl0'5, co=0.5).
The Flory-Huggins equation of free energy considers both entropy and enthalpy terms. 
Compared to Figure 4.4, the inclusion of this enthalpy term makes the free energy 
expression more complex as shown in Figure 4.8. Assuming the initial average
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concentration (co) is within the unstable region (concave part o f the curve), following the 
Fick’s law, when the system tries to minimize the gradient in free energy potential, one 
way is to reach uniform composition which is meta-stable with high total free energy. A 
more favorable way is to diffuse into separated phases with low free energy but with the 
same energy potential (dF/dc). As in Figure 4.8, the free energy o f the system could be 
lower by A /if the composition at Co can separate into c\ and cj.
Figure 4.8: Plot for the free energy includes both entropy and enthalpy terms (Flory-Huggins 
equation). Ni=2, N2=3 , and y=l in the current plot.
If we consider both entropy and enthalpy terms in the free energy equation (Flory 
Huggins equation), there are two cases depending on the initial average concentration (co) 
of the system. When co is in the concave region (or 2-phase region in a phase diagram) of 
the curve, phase separation will happen and it will lead to an increase in fluctuations until 
the composition of every point in the system is at the equilibrium state (either c\ or C2 as 
in Figure 4.8). Figure 4.9 below animates this phase separation process with initial 
composition (co) being 0.5. The lower and upper limit o f the fluctuation is defined by c\ 
and C2 in Figure 4.8 respectively, and it can be clearly verified from the plot at right side 
for 2000 calculation steps. The second case happens when the initial average composition 
(co) is at the convex region (or one-phase region in a phase diagram) o f the curve in
/ ( e )  = £ ln (c )  + 4 ^ - V l  -  c) + xc( 1 - c)
\  / ( c:
c
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Figure 4.8. The system will try to minimize the energy potential gradient by arriving at a 
uniform composition, the same as discussed earlier when no enthalpy term is involved. 
Figure 4.10 illustrates the latter case at cq = 0.1, while the mesh plots are neglected 
because all figures looks black when c is near zero.
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Figure 4.9: Simulated composition development on a 128x128 mesh using Flory Huggins 
equation of free energy. (Ni=2, N2=3, and x=l, D=5xl0'4, c0=0.5).
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Figure 4.10: Simulated composition development on a 128x128 mesh using Flory Huggins 
equation of free energy. (Ni=2, N2=3, and x=l, D=5xl04, co=0.1).
The Flory-Huggins equation cannot describe the fact that a system needs to reduce the 
interface area between different phases due to interfacial tension. So a third term 
( k ( T c ) 2 )  is introduced by the Cahn-Hilliard equation, assuming the interfacial energy is 
proportional to square o f the composition gradient. This term alone will smooth the
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composition fluctuation, and encourage phase mixing so as to reduce interface area. As 
shown in Figure 4.11, by only considering interfacial energy in the Fick’s law, the 
simulation will lead to a decrease in both fluctuation and amplitude.
initial composition calculation steps = 100 calculation steps  = 500 calculation steps -  1000 calculation steps  = 5000
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Figure 4.11: Simulated composition development on a 128x128 mesh using interfacial term 
( k ( F c) 2 )  as free energy. (D=5xl0'4, k = 1, co=0.5).
The foregoing discussion leads to the point that all three terms need to be considered in 
order to simulate a phase separation process for a (polymeric) composite system. From 
the discussion above it is clear that increasing the entropy contribution will encourage 
phase mixing, increasing the enthalpy will encourage phase separation, and increasing the 
interfacial energy will encourage phase mixing or reduce interfacial area. The driving 
force for phase separation for a homogeneous initial condition comes from 
thermodynamics, which is readily described by the entropy and enthalpy term (the Flory- 
Huggins equation). For a uniform system in general that desires to phase separate, for 
example the case in Figure 4.8, the free energy (/(c)) should be highest at c = cq. The total 
free energy should decrease when phase separation happens even though the interfacial
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energy is introduced due to the emergence o f composition gradient during phase 
separation. This implies that the gain o f free energy from the contribution of interfacial 
interaction should be smaller than the loss o f free energy from reducing the enthalpy of 
mixing. Thus phase separation can continuously occur as a result of reducing total free 
energy. Otherwise the system will not go through phase separation but develop towards a 
uniform composition (phase mixing) by minimizing fluctuation (as in Figure 4.11). In 
short, there is a hidden requirement in the Cahn-Hilliard theory for the contribution o f the 
interfacial term. As a result, the assigned value of k  should be limited in a certain way 
related to the value o f & rather than that the two parameters are totally independent. Few 
authors have discussed this issue so far in their simulations. A possible reason might be 
that the way to calculate interfacial energy makes it always small compared to enthalpy 
contribution, and so that the requirement is satisfied.
Figure 4.12 shows a simulation following the Cahn-Hilliard theory including all three 
contributions o f free energy. It is clear that phase separation happens as a result of 
reducing total free energy. The lower and upper limits o f phase separation (ci and C2) are 
still determined by the Flory Huggins equation (as in Figure 4.8) because the same 
parameters are chosen. The energy of the interfacial interaction is not big enough to stop 
the creation of gradient by phase separation, but is still effective to reduce the total 
interfacial area by coarsening (calculation steps = 1000 and greater). Such simulations 
already can be considered as a treatment for an immiscible polymer blend system starting 
from a homogeneous composition.
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Figure 4.12: Simulated composition development on a 128x128 mesh using C-H theory as free 
energy. (N)=2, N2=3 , and %=1, D=5xl0'2, k = 0.05, Co=0.5).
4.4. Simulation of PIPS in the emulsion polymerization
In order to study polymerization induced phase separation (PIPS) in emulsion systems, 
the values o f the parameters in the CH equation should be calculated with regard to their 
specific physical representations. A series o f modeling effort has been done on the bulk 
condensation polymerization systems as discussed in background section, with different 
approaches to calculate those parameters (%, k , D, and etc). No works are found on 
emulsion systems with free radical initiation, to the best of our knowledge. There are 
dramatic differences between these kinds o f systems in reaction mechanism and 
morphology development. One o f them is that the polymerization rate in free radical 
polymerization is much faster than a bulk system, and the molecular weight o f the second 
stage polymer chains builds up very quickly. Another example is that the interaction 
between polymer and water phase becomes an important factor, while in bulk systems 
only the polymer-polymer interaction is considered. The free radical distribution within
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the latex particle also becomes very complicated when monomer feeding conditions are 
introduced.
A typical experimental approach to the seeded emulsion polymerization technique in the 
current study is to use a water soluble initiator, to feed second stage monomers to the 
reactor containing water, surfactant, buffer (if needed), and seed polymer particles. 
Consequently, radicals will be created in the water phase. The resulting oligoradicals are 
very polar and soluble in water because o f the initiator end groups. As the radicals grow 
by adding hydrophobic monomer units, the radicals become less water soluble, and begin 
to act like a surfactant molecule when it reaches certain length (z-mer length). At this 
stage, the radical (z-mer) will mainly exist at the interface between water and seed 
polymer particle, much like the surfactant molecules. Further growth o f these radicals by 
adding monomer units will lead to insolubility o f  the radicals in water, and the radicals 
will diffuse from the interface region into the polymer particle. Such radical entry 
theories have been extensively studied and documented by Perry in his thesis [24]. 
Further growth o f the polymer radical chain will lead to the incompatibility between the 
seed polymer, and the second stage polymer chains; phase separation due to such 
polymerization induced incompatibility is the process to which we try to apply the CH 
model.
At the start o f our modeling work, a few simplifications have to be made in order to carry 
out the simulations. The simplest case is the batch polymerization, with oil-soluble 
initiators. In this case, consider the starting point as that when all second stage 
monomers, together with oil soluble initiators (eg. benzoyl peroxide) are well mixed into 
seed polymer particles. The latex particles act like individual small reactors without mass
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exchange to the outside. This case is similar to the bulk polymerization process, except 
the reaction rate will be treated as in free radical polymerization.
Similar to what researchers have been working on PIPS for bulk polymerization systems, 
there will be an increase o f the % parameter leading to phase separation. % should be a 
function of polarity, molecular weight, monomer concentration and temperature. The 
concentration o f monomers [M] in the swollen seed polymer particle should play an 
important role, because monomers are small molecules like solvent molecules and can 
effectively dissolve and plasticize the polymers. Incompatible polymers (or phases) will 
become less resistant to each other in the presence of a good solvent, so that the monomer 
concentration should be related to the values o f % and k . Also, the plasticizing effect o f 
monomer makes the system soft (by lower the effective glass transition temperature) and 
thus facilitates the diffusion of polymer chains, so the diffusion coefficient should also be 
a function o f [M]. Following van Herk [25] that the monomer concentration [M] can be 
approximately expressed as [M]=[M]oexp(-kt) when the initiation rate can be considered 
constant, where k is a composite rate coefficient (s'1). k=kp(k<j/[I]/kt),/2, kp is the 
propagation rate constant (L mol' 1 s*1), kj is the initiator decomposition rate coefficient (s' 
'), kt is the termination rate constant (L mol' 1 s '1) , / i s  the efficiency factor for initiators, [I] 
is the initiator concentration (mol L '1). Figure 4.13 (left) below shows a general plot o f 
[M] as a function of time. The value of k is assigned to be 0.01 sec' 1 in the plot, and it 
takes around 1 hour for reach a high conversion o f the monomers. The conversion curve 
can be calculated as conversion=([M]o-[M])/[M]0=l-exp(-kt). As shown in Figure 4.13 
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Figure 4.13: left: plot of monomer concentration [M] vs. reaction time (sec). [M] 0 = 10 mol/L. 
Right: plot of fractional conversion vs. reaction time.
In free radical polymerization, molecular weight (Mw) of polymer chains builds up very 
fast, and the life time o f a polymeric radical is around 0.1 to 10 sec [25], very short 
compared to the total reaction time (eg. a few hours). Our current model assumes that the 
polymerization produces more chains with time, but not longer chains. Therefore, the 
Mw will not change with conversion in our model during simulation.
We define the x parameter between the two different long chain polymers as xo- At the 
very beginning of phase separation when seed polymers are swollen uniformly with 
monomers, the value o f x should be zero or negligible because there is little enthalpy 
required for a mixing of monomer with polymer. As the conversion goes up, more 
polymer chains are produced and less monomer left in the system, and the % value will 
increase and reach xo when polymerization is complete. Without further knowledge o f the 
effect of monomer concentration on x, we assume that x r  Xo' conversion. Similar thoughts 
also apply to the value of k , and we assume k  = ko conversion.
From our earlier studies [26,27], we learned that the diffusion coefficient o f second stage 
polymers, at a certain reaction temperature (Treaction), is affected by the effective glass 
transition temperature (Tgeff) o f the seed polymer, which is a function of the chain’s 
natural rigidity (dry Tg) and the degree o f plasticization. The dry Tg of the seed polymer
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(Tgseed) is a given value for individual polymers, and the plasticization lowers the Tg o f 
the system following Fox equation. If  we define stage ratio SR=weight o f  second stage 
monomer/weight o f seed polymer, the monomer conversion ranges from zero to one, and 
the glass transition temperature o f monomers (Tgmonomer) is taken as -106°C [28]. 
Following the Fox equation (Equation 13), the effective Tg o f the seed can be expressed, 
and the difference between Treaction and Tgeff is in Equation 14. The diffusion coefficient 
is exponentially related to the change o f  AT in Equation 15 [26], where Q is a unitless 
constant that modifies the magnitude, Do is the diffusion coefficient o f polymer 
determined at AT=0, and D is the effective diffusion coefficient. Figure 4.14 shows an 
example of the diffusion coefficient as a function of conversion by combining Equation 
14 and 15. It looks similar to the ‘waterfall’ plot derived by Karlsson et al [26].
l /S R + l-c o n v e rs io n  _  l/S R   ^ 1-c o n v e rs io n  
T g eff T g see(i T g m o n o m er
A T — T  — T o  — T  — 1/ SR+1~ conversioni l l  — tre a c tio n  l& eff — ^reac tion  l/SR  ^ l-conversion
T gseed T gm onom er
(13)
(14)
D =  Do10Q *at (15)
Figure 4.14: Diffusion coefficient as a function of conversion. SR=1, Tgseed=100°C, 
T g m o n o m e r = - 1 0 6 ° C ,  Q = 0 . 0 5 ,  and D o = 1 0 '12 cm2/sec.
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The free energy expression (Equation 16 below) is also modified to account for the 
contributions o f the monomer in the system. The entropy term now considers the 
randomness of the seed polymer, the second stage polymer, and the second stage 
monomer (N3=l).The enthalpy term considers the polymer-polymer interaction (Xpi,p2), 
and also polymer-monomer interactions (Xpi,M; Xp2,m)- The monomers are easy to mix 
with all o f the polymers in our study. The contributions o f Xpi.M and Xp2,M become 
increasingly less important during the phase separation process as the monomer 
concentrations become lower (e.g at high conversion or starve-fed conditions). 
Therefore, the enthalpy contribution of the polymer-monomer interaction can be 
neglected at this stage in our simulation.
/(c) =
M  [£ ,„ (< .) + c o n v e r t -c) | n ( c o n p e r s f o n ( 1  _  c)) +  l n ( ( 1  -
conversion)^ 1  -  c) )  +  X p \ , p i c ( 1  ~  c)co n versio n  +  X p i , m c ( 1  ~  c ) ( l  -  
conversion) + X pz.m Q  ~  c )2co n versio n ( 1 — con version )] (16)
Summarizing, we have built up the expressions o f parameters (%, k , and D) in the Cahn- 
Hilliard equation as a function of conversion, and also the conversion as a function of 
reaction time (Figure 4.13). With the molecular weight terms (Ni and N 2) remaining 
unchanged during simulation (reasons discussed above), we can model the phase 
separation process for such batch polymerization. Figure 4.15 illustrates one example o f 
the simulation process using this model. It is very clear that the initial composition 
fluctuation is smoothed at the beginning of the simulation without any phase separation, 
and this is because we have considered that the high concentration of monomers
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minimizes the incompatibility between different polymers in our model ( %, k  —> 0 ), and 
thus the free energy favors phase mixing due to the entropy contribution (calculation 
steps =1000). No phase separation happens at this stage, and the composition becomes 
more homogeneous instead. As the monomer concentration decreases, % increases and the 
enthalpy requires phase separation (calculation steps =10,000), similar to Figure 4.9. Bi- 
continuous structure is a very typical pattern o f an initial distribution with c=0.5 (equal 
amounts of seed and second stage polymer). The interfacial interaction term ( k)  also 
increases between the separated phases, and so the coarsening happens at following time 
steps (calculation step =50,000 and 100,000), very similar to that in Figure 4.12. For the 
calculation in Figure 4.15, conversion=l-exp(-0.005t), Xo=T k o = 0 .05 , D o - 0 .0 1 ,  Q=0.005, 
Treaction=70°C, Tgmonomer=-106oC, Tgseed=20oC, SR=1, Ni=2, and N2=3. There are certain 
limitations and concerns in choosing values for different parameters, for example the 
current Ni and N2 values are not even close to reality. Such issues will be discussed in the 
following section.
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Figure 4.15: Simulated composition development on a 128x128 mesh using CH theory as a 
function of reaction time (k=0.005 sec1, Xo= h  ko=0.05, D o=0.01, Q=0.005, TreactjO„=70oC, 
T g m o n o m e r — 106°C, Tgseed=20°C, SR=1, N,=2, andN2=3).
85
Chapter Four
If we assign the initial average seed polymer concentration (co) to be 0.7, the second 
stage materials is the minor component in the system. And as shown in Figure 4.16, the 
second stage will phase separate as droplets in the continuous matrix o f seed material. 
The droplet structure is very common when a minor phase separates out from a main 
phase. The minor phase initially distributed uniformly in the system, and as phase 
separation happens equally in the system, it is difficult for the minor phase to form 
enough separated domains and to connect together. So the droplets are formed for a low 
surface interaction with the main phase. Such a structure is commonly observed in high 
impact polystyrene (HIPS) system, where the polybutadiene phase can form elastomeric 
droplets and improve the impact strength o f the polystyrene matrix [29].
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Figure 4.16. Simulated composition development on a 128x128 mesh using the CH theory as a 
function of reaction time (k=0.005 sec'1, Xo= T Ko=0.05, D0=0.01, Q=0.005, Treactjon=70°C,
Tgmonomer=* 106°C, Tgseed=20°C, SR=1, N|=2, and N2=3). The phase rich in second stage polymer
appears black.
For a monomer-fed system, the entropy contribution o f the monomer can be minimized if 
one can presume a high instantaneous conversion. When the monomer concentration is 
low, the k  and diffusion parameters shall not be affected dramatically, and so their
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values do not change with time. Figure 4.17 below shows one example o f a monomer-fed 
polymerization from our simulation in which the eventual stage ratio = 3:1. At the very 
beginning, the system is mostly seed polymer (colored white) and is homogeneously 
distributed. As monomers are fed to the system, they instantly convert to second stage 
polymers (colored black). Droplet-like phases o f second stage polymer show up in the 
picture. And then bi-continuous structure appears at around 70% of the second stage total 
monomer conversion. Towards the end of the reaction, the second stage polymer is far 
greater in quantity than the seed polymer and become the continuous phase with the seed 
domains being dispersed. This is due to the high weight fraction of the second stage at the 
end of the feed polymerization. Such sequential events agree very well with a typical 
“phase inversion” process. The phase inversion process is theoretically applicable to 
many composite systems. For example, when a monomer is polymerizing in the presence 
of another polymer, the newly formed polymer only takes a minor fraction o f the total 
material at the beginning, but it can eventually become the dominant phase with 
monomer conversion. One practical example is the production of high impact polystyrene 
(HIPS). Atypical ratio of polybutadiene : styrene monomer can be 1:10 at the start, and 
as the styrene monomer converts to polymer, the phase inversion process are expected to 
happen. Therefore in the final HIPS product (‘salami’ structure), dispersed polystyrene 
sub-domains can be found within the dispersed polybutadine domains, while the 
continuous matrix is still composted of polystyrene. The Matlab code is attached in the 
Appendix B for this simulation.
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Figure 4.17. Simulated phase inversion process on a 128x128 mesh using the CH theory as a 
function of reaction time or monomer conversion (x=Xo=l> k=ko=0.05, D=Do=O.Ol, N)=2, and 
N2=3). The stage ratio is 3 (second stage) :1 (seed), and the numbers at the top of the pictures 
indicate the fractional monomer conversion. One calculation step can be considered as one
second of reaction time.
4.5. Discussion of the parameters in the Cahn-Hilliard model
The parameters applied in the CH model have their specific physic implications. The 
Flory Huggins parameter (x) takes into account the heat of mixing in the system, and thus 
indicates the manner o f incompatibility between different polymer segments, k  is a 
‘gradient energy’ coefficient so described by Cahn et al [3, 5]. In our model, different 
values should be assigned to xo and Ko according to different systems, so as to represent 
the physical variance, xo is often related to a function o f the solubility parameter, or can 
be experimentally estimated by the heat o f mixing; and ko can be considered as a function 
of distance between interacting segments, and estimated by a measurement o f interfacial 
energy [5]. Some researchers [9, 10] also consider the x or k  as a function o f molecular 
weight and so they are related to the conversion. There is a concern from the 
introduction o f ic(Fc) 2 term, that the interface gradient should be broad so that the 
energy can be estimated by a function of Vc with higher order terms neglected [3]. For
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the same reason such theories are considered applicable to the situation o f spinodal 
decomposition but not necessarily to others. However in almost all phase separation 
models, including ours, the interfacial gradient becomes steep during phase separation 
but the interfacial energy expression is not changed. In practice the high order terms ( V 
2c, V3c, and V 4c...) may already become significant as the interface becomes steep and 
errors are introduced accordingly by neglecting them.
Parameters in Flory Huggins equation (%, N l, and N2) determine the composition at 
equilibrium states. But the relative significance o f these parameters also changes the 
shape of the free energy curve, which becomes a critically important concern when 
applying numerical simulations. For example in Figure 4.18, as polymer chains get 
longer, the entropy contribution is reduced. The values for N l and N2 increase (from left 
to right in the figure), and the shape of the curve develops towards that o f f(c)=xc(l-c). 
As a result, the equilibrium compositions (c l, c2) move towards 0 and 1, respectively, 
which is in good agreement with physical experience. When applying numerical 
simulations, for example at time t the free energy o f the system is f(t) in the left plot, and 
at time t+1 the new free energy become f(t+l) whiph is bigger than f(t). Consequently, 
the diffusion will lead the composition back to cl and c2  in order to minimize free 
energy. Therefore, the composition of the two phases will dynamically equilibrate at cl 
and c2. However if we take the same time step of calculation when N 1 and N2 become 
much bigger (or similarly x becomes much bigger) in the right-hand plot, at time t+ 1  the 
free energy f(t+l) becomes smaller than f(t) instead because the energy well is too small 
in this case compared to the calculation steps, and values o f c l (<0 ) and c2  (> 1) are no 
longer physically reasonable, but still occur due to the fact the function f(c)=xc(l-c)
89
Chapter Four
does not restrict the value o f c. When this happens in the simulation, equilibrium 
composition will not be reached, and the model will keep increasing c2  and decreasing cl 
for a ‘false’ low energy state. To address such issues, a few possible approaches can be 
taken. One is to use smaller calculation steps; this will always work within the capability 
o f simulation technique. But significantly more time will be consumed for the 
calculation. Another one is to add to the free energy equation a continuous function that 
can penalize the free energy at c< 0  or c> l, but remains zero when 0 < c< l. (a third one is 
to use the current figure on the left, but rescale the axis so to make c l = 0  and c2 = l)































Figure 4.18: illustration of the shape changing as Ni (N2) increases from left to right.
Last, but not least, is the diffusion coefficient (D). It signifies how fast a system can reach
the equilibrium state. The equilibrium state, following the Cahn-Hilliard theory, is either
a uniform distribution or phase separated individual phases o f defined composition
calculated from the Flory Huggins equation, with minimum interfacial area. The physical
diffusion coefficient o f polymer chains is readily modeled by Karlsson et al [26] and can
be adopted directly into current simulations. However during simulation, depending on
the degree of convergence of the model, one might need to change the length o f the time
steps. For example, we can calculate the composition change every second using a
diffusion coefficient D. With a good convergence o f the model, we may calculate the
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change every 10 seconds with still good accuracy but much less computation time. When 
the convergence is not good, one will need to calculate the change every 0 .1  second. 
Longer computation times will be required for stability and accuracy of the simulation.
The initial condition is also important to the simulations. A uniform composition will 
lead to a ‘frozen’ state of the system because d d d i -  0 according to Fick’s law, even 
though the % value might be very big and requires phase separation. When the initial 
composition fluctuation is very small, it will take many more calculation steps to achieve 
the same morphology due to the sensitivity o f the divergence term respecting to gradient 
(V • D Vc). Therefore, in our current simulations as listed above, we used the same initial 
condition, generated by a random matrix o f the Gaussian distribution (mean=0.5, 
standard derivation =0.05). Except that in Figure 4.3 and 4.5 we magnified the fluctuation 
by a factor o f two and in Figure 4.10 we compressed the fluctuation by the same factor 
and moved the mean value to 0 .1  for illustration purposes.
4.6. Conclusions and recommendation for future work:
We have been able to carry out numerical simulations based on a combination o f the 
Cahn-Hilliard equation o f free energy and the Fick’s second law of diffusion. The 
simulation is good for systems like immiscible polymer blends or batch polymerization 
initiated by free radicals. The model is also applicable to monomer-fed system with 
reasonable modifications. With proper selection of parameters in the equation, phase 
separation and coarsening progress can be viewed as a function of reaction time and 
conversion through our model.
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Future work needs to introduce the water-phase initiation mechanism, considering that 
the free radicals are generated outside o f  the system (polymer particles), and enter from 
the boundaries. Currently the model assumes radicals are generated homogeneously in 
the system, which is reasonable only for oil-phase initiators (such as benzoyl peroxide), 
or the situation where radicals can enter the polymer particles easily and constantly. 
Water-phase initiation can describe the fact that initiator (such as potassium persulfate) 
dissociates in the water phase, and creates oligomeric radicals which enter latex particles 
later on. For all latex systems of our interest, the water-phase initiation mechanism is 
used. An alternative approach can be to incorporate with UNHLATEX®Kmorph 
software [30], which readily models the radical entry and diffusion process. Since the 
phase separation must happen after the entry o f the second stage polymers, at each time 
step, the phase separation model can be applied after the calculation of 
UNHLATEX®Kmorph and modify the morphology.
Second, future work needs to try to define the boundary of the system. Currently the 
periodic, symmetric boundary condition is defined for the model. This is a very simple 
condition where a series o f mathematical treatment o f the equations can apply and 
facilitate the numerical simulations. In reality, the boundaries o f the simulated latex 
particle should first be spherical, and the water-polymer 1-polymer 2  interaction should 
be carefully defined based on the consideration o f the surface tension. However, the 
numerical simulation for a spherical coordination is very different, and much less stable 
than a cubic system. The current matrix transformation (discrete cosine transform 
method) shall be redesigned for a new coordination.
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Third, future work should define more carefully the initial condition for the simulation. 
Fick’s second law requires a fluctuation of the composition/chemical potential to start the 
simulation, and currently, the fluctuation is generated by a random Gaussian distributed 
matrix. The fluctuation matrix is to add to the initial condition (e.g. homogenous initial 
state) or additionally following time steps. This fluctuation should be regulated according 
to certain physical/mathematical theories and can reasonably simulate the 
thermal/compositional fluctuations in the latex particle. However, if the model is 
incorporated as a following step after UNHLATEX®Kmorph calculation, and then the 
fluctuation is not totally necessary because o f the inherent randomness o f the 
UNHLATEX®Kmorph results for the location o f second stage polymer chains.
Fourth, future work should consider the impact o f the local monomer/polymer 
concentration on the mobility of the polymer chains. Currently the mobility o f  the 
polymer chains is calculated from an average composition o f the system, but in fact the 
local monomer concentration and also second stage polymer concentration will affect the 
polymer diffusion. Nauman’s work [14-19] can be a good reference to start. In addition, 
there is a variety o f lengths o f chain lengths in a practical emulsion system, and different 
lengths o f chains have different mobilities as well as the entropy contribution to the 
system. Future work needs to consider these factors.
Last, future work needs to use more realistic values for the degree o f polymerization (N i 
and N2). Theoretically realistic values (i.e. Ni=N2= 1 0 0 0 ) can be applied in the current 
model, and it will just need to take tremendously longer time o f numerical computation to 
model the same length of real time as discussed above (i.e. 5000 sec). Nauman’s work 
(Equation 9) suggested a way to mathematically solve the Cahn-Hilliard equation, and in
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that case there will be no need for numerical simulation and no restriction from the 
simulation errors. However the mathematical solution requires further simplification o f 
the Cahn-Hilliard equation. Another way is to better define the limits o f the concentration 
during programming and so it will not accept negative values. An alternative way is to 
properly modify the function/(x)=x( 1 -x) and make a new continuous function/’(x) that 
f ’(x)=f{x) when 0<x<l, and / ’(x)>0 when x<0 or x > l. In this way there will be two local 
minimums at x= 0  and x=l for the new function, and so the simulation will be stable when 
the concentration value (c) approaches to the limits. Figure 4.19 below shows one trial 
calculation using larger values for the degree of polymerization (N i=10, N2= 1 2 ). All 
other conditions are the same as that in Figure 4.12, except the value of diffusion 
coefficient D is also reduced to maintain the stability of simulation. It is clear that the 
composition changes much more slowly compared to that in Figure 4.12 with the same 
amount o f calculation steps, and for a real system, it is also reasonable that longer 
polymer chains diffuses more slowly.
initial composition calculation steps =» 2000 calculation steps-SOCD calculation steps = 2Q000 calculation steps = 50000
Figure 4.19. Simulated composition development on a 128x128 mesh using C-H theory as free 
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Morphological study of a polyurethane/acrylic hybrid latex system
5.1. Introduction and Background
Polyurethane dispersions (PUD), an important class o f water-bome polymer emulsions, 
have been used extensively in coating applications, driven partly by environmental and 
legislative pressures. A diversity o f PUD commercial products display excellent film 
properties especially in terms of their combination o f toughness, abrasion resistance, 
mechanical flexibility and chemical resistance. PUD’s can be produced through a 
prepolymer process involving the interaction o f poly functional isocyanates and polyols, 
subsequent neutralization and dispersion in water (with spontaneous particle formation), 
and then chain extension resulting in the formation of a high molecular weight 
polyurethane dispersion.
The PUD synthesis process for segmented polyurethanes was reported more than 16 
years ago [1], Some solvent (e.g. N-Methyl-2-pyrrolidone (NMP), acetone, ethyl acetate) 
is often added in the prepolymer process to control the viscosity [1-4], or some 
monomers (which can be polymerized in later) can be added to do the same thing [5]. 
Prepolymer chains, which contain carboxyl stabilizing groups provided, for example, by 
dimethylol propionic acid (DMPA), are neutralized, dispersed in water, and chain 
extended with diamines (e.g. hydrazine) to produce a high molecular weight polymer
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(Figure 5.1). Solvent can then be removed by evaporation. Satguru et al [1] described 
such polyurethane particles as an “open”, water-swollen structure, which grants PUD a 
low minimum film formation temperature (MFFT). Alternatively, composite particles can 
be made without chain extension o f the PUD [3,4]. In addition, 2-hydroxyethyl 
methacrylate, to allow for future grafting sites, is sometimes employed as a chain end 
modifier to achieve better compatibility with the second stage acrylics, as reported by 
several groups [3, 7, and 10].
4 OCN— NCO + HO OH + h o — c —  oh
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Figure 5.1: Illustration of segmented PUD chemistry.
A great advantage o f polyurethane (and its aqueous dispersion) is its ability to provide a
wide range of properties for various applications. However, the relatively high cost of
PUD has led people to develop a range of urethane/acrylic systems with an attempt to
maintain the excellent properties o f PUD itself, but to lower the overall cost o f the
material. Hybrid PU/acrylic latices are made by using the PUD as a seed latex and then
adding a combination of (usually) acrylic monomers and affecting their free radical
polymerization in this aqueous medium. The resultant latices are usually colloidally
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stable at a proper pH (~pH=7) without the addition o f extra stabilizing surfactants. The 
morphological structure of the resulting composite latex particles can be affected by 
reaction temperature, the choice o f monomer types as well as the rate o f feeding them to 
the reactor. For the second stage polymerization, acrylic monomers are widely employed, 
such as butyl acrylate (BA), and methyl methacrylate (MMA) [2-7]. The initiators are 
usually free radical initiators such as potassium persulfate (KPS) [4-5, 7-8] used at 70- 
85°C, or redox initiators [6 , 9] used at around 30-40°C.
PU chains are formed by connecting diisocyanates and diols with urethane linkages.
Diols normally contain long flexible chains and are “soft” as their glass transition 
temperatures are low (Figure 5.2). Meanwhile diisocyanate group could be designed to be 
short and “hard” by incorporating rigid ring structures (Figure 5.3. The IPDI is used in 
our PUD). Thus the PUD chain has an adjustable combination o f both soft and hard 
segments [1 0 ], which enables polyurethane to combine hardness and toughness with 
flexibility. Due to the incompatibilities o f soft/hard segments, there is possible 
microphase separation within latex particle [11-13], and also hydrogen bonding from 
urethane/urea groups (Figure 5.4). The PUD particle alone is already complicated by 
itself, and the morphology of a hybrid particle is even more appealing to our research 
goals. Industries would like to reduce the cost o f PUD by adding cheaper acrylics to it, 
and a ‘core-shell’ morphology with PUD being the shell would be desirable to maintain 
superior properties of PUD once the shell forms a continuous matrix. From 
thermodynamic considerations, it also seems reasonable to have such a morphology 
because PUD with carboxylic acid stabilization is much more polar than most acrylics
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used in the hybrid. The actual morphology is very important and directly related to the 
final performance such as stiffness or chemical resistance.
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Figure 5.3: Examples of common diisocyanates used in PU synthesis.
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Figure 5.4: (a) Hydrogen bonding between hard segments, (b) Shift of peaks in FTIR due to 
hydrogen bonding for PUD R967 sample film.
Most literature reports have focused on the physical performance properties o f films 
formed from polyurethane/acrylic hybrid latices [1-4, 6 -8 , 18], with some comparison to
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the corresponding latex blends [6 , 9]. Only a few papers have considered the composite 
latex particle morphologies (i.e. core-shell, inverted core-shell). TEM, NMR, FTIR, 
ESCA (Electron Spectroscopy for Chemical Analysis) [2-4] have been used to 
characterize the sample. Chen et al [5] also used thermodynamic equilibrium criteria to 
aid in their analyses o f the morphological structures they obtained. Studies [2-4, 6 , 8 , 9] 
showed that PUD/AC hybrid particles can offer better performance properties than 
simple physical blends o f PUD’s and acrylic latices, and hybrid latices can maintain the 
superior properties o f polyurethane at a lower cost than PUD itself. The advantage of 
hybrid particles is that they can form the core-shell structure with the PU in the shell and 
thus the PU will form the surface o f the subsequent film, as reported by M. Hirose [2]. 
But it is also reported that the particle morphology can be modified by changing 
monomer composition, ratio of PU to vinyl monomer, and even the type o f initiator [5]. 
Various morphologies like core-shell, inverted core-shell, and homogenous (non-phase 
separated) particles are mentioned.
For our work, we conducted a series of experiments trying to understand how the actual 
morphology o f PUD/acrylic hybrid particles is formed, as compared to the desired phase- 
separated core-shell morphology. We also quantitatively measured the degree o f phase 
separation created in these hybrid latices and tried to understand the results through a 
view of polymer chain diffusion and reaction kinetics.
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5.2. Experimental methods and characterization
M aterials
Polyurethane dispersions (two commercial products o f DSM NeoResins+, particle size o f 
R967:~70nm and o f 60vSeries: 110-170 nm), potassium persulfate (KPS; 99+%, Alfa 
Aesar), Sodium dodecyl sulfate (SDS; 99%, Alfa Aesar), Sodium Bicarbonate (99.7+%, 
EM science) were used as received. Monomers, such as n-butyl acrylate (BA; 99%, 
Aldrich), methyl methacrylate (MMA; 99%, Aldrich), Styrene (St; 99%, Alfa Aesar), 
were purified by passing them through a column packed with alumina adsorption powder 
(Fisher Scientific) and stored at - 8 °C prior to use.
Preparation o f  PUD/acrylics hybrid latices
A 250ml, jacketed, 3-neck glass reactor with magnetic stirrer and nitrogen purge was 
used. The PUD seed latex was placed in the reactor together with initiator KPS and DI 
water, then second stage acrylic monomers (stage ratio = mass o f 2 nd stage 
monomers/mass o f 1 st stage polymers^ 1) were fed evenly over a period of time (usually 
2 hours). The reactor was held at 70° C throughout the monomer feed and then for 
another 2 hours to drive the reaction to completeness. We also prepared the 
corresponding physical blends o f PUD and separately made acrylic latex. Typical recipes 
for our experiments are shown in Table 5.1 below. Most o f the acrylic/PU weight ratios 
in these experiments were set at 1 .0  (later referred to as “stage ratio”).
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Table 5.1: Recipe for hybrid polymerization











Feed 2 hours for MM A/BA 
Feed 6 hours for styrene 
4 (or 7 for styrene)
19
Monomer charge (g) 
Monomer addition mode
Total reaction time (hour) 
Final solid content (wt%)
Film  preparation
All films for testing were prepared by casting the latices onto a silicon rubber plate and 
drying in an air circulating oven at 65°C overnight.
Characterization
D ifferential scanning calorimetry (DSC)
Dry films or powders were analyzed via modulated temperature DSC (TA Instruments 
Q2000 modulated DSC) using a procedure described previously [14] that allows us to 
determine the extent o f phase separation/phase mixing in polymer composites. Samples 
were heated from -80°C to 150°C at a rate o f 3°C/min at modulation amplitude of ±2°C 
with a period of 60 seconds and recorded as cycle 1. At the end of cycle 1, samples were 
held at 150°C for 2 minutes and then cooled down to the initial temperature, and then 
cycle 2 was recorded following the same procedure. A quantification approach based on 




Transmission Electron M icroscopy (TEM)
Sample latices were blended with a film-forming, single-phase, embedding latex. The 
blend was dried in a BEEM® capsule and the resulting film was microtomed to a 
thickness o f approximately 60 nm and collected on 400 mesh copper grids. The samples 
were then stained in ruthenium tetroxide vapor for approximately 5 min prior to 
observation in the TEM (LEO 922 Omega).
Fourier transform infrared spectroscopy- attenuated total reflectance (FTIR-ATR)
IR spectra o f dried films were recorded in Bruker Tensor 27 spectrometer at a resolution 
o f 1 cm 16 scans per sample, and in ATR using a Golden Gate single reflection 
diamond ATR device.
5.3. Results and Discussion.
5.3.1. The phase m ixing fea tu re  in PU D /acrylic hybrid  samples.
We performed a number o f experiments with a single PUD but with a variety o f acrylic 
comonomer systems and monomer feed times, comprising both semi-batch and batch 
reactions. The results o f all o f  the experiments shown in the Table 5.2 are summarized in 
the Appendix C, and we will highlight some o f the major features with a description o f a 
selected portion of these experiments.
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Table 5.2: Experimental matrix for PUD-acrylic hybrid study.













(second stage ) 
feed time
B Jt-19,21 MMA-co-BA 1:1 1:1 19°C 8°C 2hrs batch
BJ1-40 PUD(NeoRez 
R967 and 60v 
series)
MMA-co-BA 3:1 1:1 62 °C 46°C 2hrs
BJ1-45 MMA-co-BA 9:1 1:1 94°C 73°C 2hrs
BJ1-47.49 Pure MMA 1:1 119°C 94°C 2hrs batch
The first useful point o f discussion is to show the DSC results (presented as the derivative 
of the Cp vs. temperature raw data) for a simple blend o f the individual PUD and one o f 
the acrylic latices (MMA/BA=3), and to contrast this with a hybrid latex made with the 
same acrylic comonomer ratio and for the same stage ratio. This is shown in Figure 5.5 
where it is already clear that the hybrid latex shows much less phase separation than that 
displayed in the reference latex blend (perfect phase separation). This is dramatized by 
the portion of the curve between the peaks of the pure PUD (at Tg ~ -45°C) and its 
acrylic counterpart (at dry Tg ~ 62°C) -  the hybrid signal is much higher as a result o f 













Figure 5.5: DSC traces (dACp/dT vs. T) for a PUD/acrylic latex blend and a hybrid PUD/Ac latex
of the same composition.
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The quantitative analysis o f the DSC traces in Figure 5.5 provides a numerical 
description o f the degree of phase mixing in the two PUD/acrylic samples (hybrid vs. 
blend). By decomposing the original curve into a series o f individual peaks and 
calculating their mass fraction in the sample, a quantitative description o f  the mass 
distribution of different phases is available and displayed in Figure 5.6. “Annealed S” 
refers to the DSC signal for the thermal annealed sample (curves from the second scan in 
DSC), which is usually better phase separated than the original sample (“Analyzed S”, 
curves from the first scan in DSC) dried form the as-reacted latex. In other words, the 
“Analyzed S” closely represents the phase distribution of the as-reacted composite latex, 
which is of our main interest; the “Annealed S” better represents the distribution o f 
polymers at equilibrium, which can be a good reference state o f the composite materials. 
The upper plots in Figure 5.6 shows the simulated phase profile, with y=l standing for 
pure seed polymer, and y=0 being pure second stage polymer. The transition from y=l to 
y=0 describes the interphase mass profile. For blend material (a), the transition is very 
steep, so the interphase mass is small. For the hybrid samples (b), the interphase region is 
broad (“Analyzed S”), and this indicates there is a lot o f  mixing between seed and second 
stage polymers. The bottom curves plot the mass distribution o f the simulated phases. If 
we define the interphase region to be 0.1<seed wt. fraction (x) <0.9, blend sample has 
only 14% o f the total mass in the interphase region, while the hybrid sample has 49%. 
The TEM images in the later section for hybrid samples also support such non­
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Figure 5.6: Quantitative analysis of phase mixing characteristics by decomposition of DSC curves. 
Given that the polyol portion o f the PUD has a very low Tg and that the second stage
polymer has a Tg below that of the 70° C reaction temperature, polymer diffusion in the
latex particle should be reasonably fast and phase separation might be expected to be
rather complete. Clearly that is not the case. This spurred us on to investigate the effect of
the acrylic polymer Tg (so as to affect the acrylic chain stiffness and its effect on polymer
diffusion within the particle) on the phase separation in the hybrid particles. This was
done by changing the MMA:BA ratio so as to change the acrylic Tg over the 19-120°C
range -  both below and above the 70° C reaction temperature. These DSC results are
displayed in Figure 5.7. The quantification results (Appendix C, pp260, 262, 263, 264)
show that the amounts of interphase in these samples are between 31 wt% and 53wt%,
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Figure 5.7: DSC traces of four hybrid sample with different MMA/BA ratios. P(MMA-co-BA 1:1) 
has Tg of 19°C; P(MMA-co-BA 3:1) has Tg of 62°C; P(MMA-co-BA 9:1) has Tg of 94°C;
P(MMA) has Tg of 119°C.
To illustrate the potential effect of the rate o f acrylic monomer feeding, we have used two 
extremes -  batch reaction (infinite feed rate) and a more common, 2-hour feed. These 
experiments used MMA:BA=1:1 which should display a dry Tg =19°C. The DSC results 
are shown in Figure 5.8. Here it is noted that the 2-hour feed condition (nearly starve fed, 
monomer concentration in particles(Cp)~1.2 mol/L) does not produce a clearly identified 
thermal signal at the Tg of the acrylic polymer (19°C), but does show a significant 
amount o f mixed polymers with responses below that temperature. But even the batch 
conditions do not result in a completely phase separated system. Clearly there are some 
complications in the phase separation process during these reactions. The mobility o f the 
polymer chains seems to be limited in these systems.
BJ1-19 PUD/P(MMA-co-8A 1:1) 
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Figure 5.8: DSC traces (dACp/dT vs. T) for batch and semi-batch processed PUD/Ac latices at
MMA/BA=1. BJ1-21 is the batch case.
5.3.2. Im pact o f  PU D  particle size and  hard/soft segm ent ratio
We used several different PUD seed latices to investigate the potential chemistry and 
particle size effects. We used several IPDI/PPG based PUDs o f known composition but 
with different length o f soft segments (PPG) (Appendix C, pp259 for PUD recipe, 60V 
series). The polyo 1/diisocyanate ratio is the main variable in the 60V series o f PUD, and 
consequently the hard segment content in the PUD particle varies from 30% to 50%. The 
hard segment is usually considered low mobility at the reaction temperature, and it may 
potentially hinder the process o f polymer chain diffusion for phase separation. The 
resultant hybrid samples still show very similar phase mixing behavior (Figure 5.9) as the 
former seed (R967type) shown in Figure 5.7. Our quantification data (Appendix C, pp 
267-270) shows that in Figure 5.9 the amounts of phase mixing for BJ1-76, 74, 78, 80 
hybrid samples are 32%, 35%, 44%, 43%, respectively. Compared to the corresponding 
samples in Figure 5.7, these values are 32%, 49%, 52%, 40%. In Figure 5.9 all curves are 
from the original scans of the sample (cycle 1). In Figure 5.10 all curves are from the
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second scans (cycle 2) after annealing the samples at 150°C for 20 minutes. Here phase 
separation is shown to be nearly complete and the separated peaks become readily 
apparent. Thus it appears that the 60v series o f PUD behaves similarly to the R967 PUD, 
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Figure 5.9: Cycle 1 of PUD(60v-70)/P(MMA-co-BA) hybrid samples. Green: P(MMA-co-BA 
1:1) has Tg of 19°C as second stage polymer; Black: P(MMA-co-BA 3:1) has Tg of 62°C; blue: 
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Figure 5.10: Cycle 2 of PUD(60v-70)/P(MMA-co-BA) hybrid samples. Green: P(MMA-co-BA 
1:1) has Tg of 19°C as second stage polymer; Black: P(MMA-co-BA 3:1) has Tg of 62°C as 
second stage polymer; blue: P(MMA-co-BA 9:1) has Tg of 94°C as second stage polymer; red: 
P(MMA) has Tg of 119°C as second stage polymer.
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Figure 5.11 below shows the DSC traces o f three hybrid samples of the same second 
stage polymer, but with different PUD seeds. The portion o f the curves at 60°C for 
acrylic second stage polymer is very similar (such as no clear peaks standing for pure 
second stage polymer), and the difference only comes from the inherent Tgs o f different 
PUD seeds (e.g. 60v-60 PUD seed have very broad glass transition region, and so in the 
hybrid sample very little PUD peak can be seen in the green curve). Also, the particle 
sizes are different for these PUD seed latices (60v-60 PUD ~ 1 OOnm narrow distribution, 
60v-70 PUD ~ 180nm broad distribution, R967 PUD ~70nm narrow distribution). The 
quantified degree of phase mixing results are summarized in Table 5.3. It is noticeable 
that higher degree of mixing appears in the sample containing more hard segments. The 
content of hard segments further relates to the chain mobility and the density o f 
urethane/urea groups. Such results indicate that the phase mixing in hybrid samples 
should be related to some common features o f PUD materials, such as low mobility o f 
hard segments or hydrogen bonding sites.
0.03
BJ1-82. with 60v-60 PUD seed 
BJ1-74. with 60v-70 PUD seed 
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Figure 5.11: DSC traces for hybrid samples with different PUD seed. Green: sample using 60v- 
60PUD as seed; blue: sample using 60v-70PUD as seed; red: sample using R967 PUD as seed.
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Table 5.3. Summary of quantification results for PUD/P(MMA-co-BA 3:1) hybrid samples.
PUD R967 type 60V-60 60V-70
Hybrid exp. BJ1-40 BJ1-82 BJ1-74






Quantified degree of 
phase mixing 48.5% 65.4% 35.3%
5.3.3. Contrasting O il Soluble and Water Soluble Initiators
We used a water-soluble initiator (potassium persulfate, KPS) most o f the time. These 
initiators lead to the formation of surface active oligomers (z-mers) in the aqueous phase 
and once they enter the particle, they grow longer by polymerization during the process 
of diffusing within the seed polyurethane particles. The diffusion rate decreases very fast 
as the second stage polymer chain length increases, and possible phase separation 
(though favored by thermodynamics) may be kinetically limited due to entanglement o f 
long chains. To explore the effect of the location of radical initiation, we used an oil- 
soluble initiator (benzoyl peroxide, BPO) in our study. Here radicals are formed directly 
inside the polyurethane seed particles, and the second stage polymers can only be formed 
within the seed particles, nearly eliminating the possibility o f secondary nucleation of 
pure second stage polymer particles. The driving force for phase separation in the hybrid 
particles should be the same for both types o f initiator, and chain diffusion may still be 
hindered by the high molecular weight o f polymer chains, but this switch allows a very 
different initiation location for comparative results.
The latex preparation was very similar to the case o f using KPS as initiator, except that 
BPO was added to the reactor with 10wt% o f second stage acrylic monomers at the
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beginning. We allowed 1.5 hours o f mixing with the PUD seed latex at room temperature 
and another 0.5 hr at 70°C. The rest o f monomers were fed over another 2 hours and the 
reaction was conducted at 70° C. The monomer concentration in the particle remained 
relatively high during the reaction (Figure 5.12), and this led to a plasticizing effect o f the 
polymer and may have facilitated the chain diffusion by lowering the effective glass 
transition temperature. The ease o f phase separation was thus expected to be more than in 
a very starve-fed condition as in those reactions using KPS.
Conversion vs time Cp vs. Time
;oc
time (min)
Figure 5.12: Conversion curve (left) and monomer concentration curve (right) during the BPO- 
initiated reaction. Seed: PUD, second stage: P(MMA-co-BA 3:1).
The DSC characterization o f the dried samples indicated that there was still a lot o f phase 
mixing in the hybrid sample (Figure 5.13), and the shape o f curve is very similar to the 
sample using KPS as initiator. Annealing the hybrid sample in the DSC at 150° C for 30 
minutes still induces a dramatic degree o f phase separation as previously found in KPS 
initiated samples. By overlaying the first cycles o f each type o f  initiator experiments on 
the same plot (Figure 5.14), it appears that the hybrid with BPO as initiator does have less 
phase mixing than the sample with KPS, and the possible reason is the plasticization due 
to high monomer concentration during the reaction. Our quantification results show that 
BPO initiated sample contains 43.3% interphase material (Appendix C, pp275), 
compared to the value of 48.5% for the KPS initiated sample (Appendix C, pp 262).
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However, it is clear that the phase separation process is also restricted in an oil-phase 
initiated system, even though the higher monomer concentration during the conducted 
experiment may have facilitated the separation. The reason for such phase mixing is 
speculated to be the hydrogen bonding formed between PUD chains (amine groups) and 
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Figure 5.13: PUD/P(MMA-co-BA 3:1) hybrid initiated by BPO. Cycle 1 (blue) is the first scan 
for the as reacted sample. Cycle 2 (red) is the second scan for the sample annealed in DSC at 150°
C for 30 minutes.
Figure 5.14: DSC scans (cycle 1) of hybrid samples. Blue: PUD/P(MMA-co-BA 3:1) hybrid 
initiated by BPO; red: PUD/P(MMA-co-BA 3:1) hybrid initiated by KPS.
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5.3.4. Phase separation o f  hybrid sam ples by therm al annealing
It is obvious that phase separation is not very complete during polymerization for any o f 
the experiments discussed so far. Thus it was o f interest for us to test whether or not this 
process could be advanced in a post-polymerization, thermal annealing process. As such 
we heated the composite polymers in the DSC to temperatures significantly above the Tg 
of the acrylic and in one heating/cooling cycle after another recorded the thermal signals. 
Figure 5.15 shows the results o f this procedure for experiment BJ1-47 (100% MMA, 
R967PUD, 2-hour feed). Here cycle 1 shows the thermal signal for the polymer particles 
in their un-annealed state, consistent with the type o f data in Figures 5.7-5.9. This curve 
shows a substantial amount o f mixed polymer. Now upon raising the temperature to 150°
C (-30° above the Tg of the PMMA) within the DSC pan, cooling the sample back to -80° 
C and heating again to 150° C, we see that phase separation increased substantially. 
Repeated thermal cycling in this manner caused the composite polymer to appear very 
much like a simple blend o f PUD and PMMA latices. This leads to the argument that 
limitations to the phase separation process during polymerization at 70° C are due to 
restricted polymer diffusion during that time period and not necessarily due to a 
thermodynamically based degree of polymer-polymer compatibility. Further, this might 
also mean that the hard segment “nano-domains” thought to be present in these PUD’s 
may not be responsible for the lack o f complete phase separation in these hybrid latices, 
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Figure 5.15: DSC traces (dACp/dT vs. T) experiment with thermal cycling in the DSC to observe 
changes in the degree of phase separation upon annealing.
Furthermore, we found that there is a temperature dependence of such phase separations.
It appears that there is a temperature threshold below which separation does not occur to 
any large extent. There are many reports in the literature o f segmented PU’s that allude to 
the formation of nano-domains o f hard segments that are held together by hydrogen 
bonding. These are commonly thought to behave as “pseudo crosslinks”. If this is correct 
then it seems that these structures might well impede the polymer chain diffusion that is 
required to have phase separation, whether during polymerization or afterwards. With 
this in mind we have probed the idea that there might be some temperature above which 
the hydrogen bonding is relaxed and chain diffusion is allowed to proceed at rates that 
can be detected in our annealing experiments. Thus we have annealed dry film samples of 
the acrylic composite PU hybrids based upon R967 PUD at a variety o f temperatures in 
the DSC by raising the sample temperature to various levels, holding at that temperature 
for 10 minutes, and then thermally scanning the sample again to detect the degree of 
phase separation. In Figure 5.16 (a) we display such results for a hybrid with an 
MMA:B A ratio o f 3:1 (pure component dry Tg o f ~ 62° C). Here it is seen that annealing 
at temperatures equal to or lower than 130° C does not result in any further phase
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separation than obtained during polymerization at 70° C, while annealing to 150° C 
produces substantial phase separation. As a result o f these observations, we carried out a 
more refined temperature search in the 130 -  170° C range. These results are shown in 
Figure 5.16 (b) where we have also presented a DSC curve for a simple latex blend of the 
R967 PUD and a simple acrylic latex created separately, but at the same MMA:BA ratio 
o f 3:1 -  this curve should represent a fully phase separated system with the same polymer 
chemistry as the PU/Ac hybrid. In comparing the annealed film samples it becomes clear 
that there is continual phase separation taking place as the annealing temperature exceeds 
130° C, and that the phase separation is almost as complete as in the latex blend at an 
annealing temperature of 170° C.
There was a question raised at a conference asking if the phase separation process could 
be affected by cooling rate o f the sample, since all cooling processes are fast 
(>10°C/minute) after annealing in the DSC as in Figure 5.16. Is it perhaps possible that 
the phase separated structure is kinetically restricted by cooling down quickly, instead o f 
being thermodynamic favorable? An additional question was about a possibility that if 
there exists a lower critical solution temperature for the two polymers. Above that 
temperature there will be phase separation as we already observed from the DSC, but 
below that temperature the two polymers will want to diffuse back into the mixed state. 
Such a tendency o f phase mixing during cooling will be suppressed if the system is 
quenched. Therefore, we cooled the hybrid sample slowly the same manner as the heating 
step (3°C/minute) in Figure 5.17, and we found the separated phases remained in the 
sample without mixing, as indicated by the green curve. The red curve in Figure 5.17 
recorded the cooling cycle, and it shows mainly phase separated feature o f the sample.
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The DSC we used is not calibrated for the cooling purpose, and so the shape o f the curve 
can vary from the heating cycle (green curve). The results indicate that there is no such 
lower critical solution temperature for the polyurethane and acrylic polymers within the 
test temperature range.
0.015
BJ1-40 film anneal at 7QC 
BJ1-4Q film anneal at 90C 
BJ1-40 film anneal at 110C 
BJ1-40 film anneal at 130C 











Figure 5.16 (a): DSC results for the thermal annealing of PUD/ Ac hybrid latex films for 
R967PUD and 2nd stage MMA:BA=3:1. Samples were annealed in the DSC pan for 10 minutes at
the indicated temperatures.
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Figure 5.16 (b): DSC results for the thermal annealing of PUD/Ac hybrid latex films for 
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Figure 5.17: DSC results for the thermal annealing of PUD/Ac hybrid latex films for R967PUD 
and 2nd stage MMA:BA=3:1. Cycle 1 indicates the first heating scan the sample. After annealing 
the sample at 150°C for 30 minutes, Cycle 2 is the cooling cycle at the same rate (3°C/minute). 
Cycle 3 is another heating scan after the cooling down during cycle 2.
In a short summary, we have shown that polyurethane/P(MMA-BA) hybrid latices
contain significant, non-equilibrium polymer-polymer phase mixing created during the
reaction. This is seen dramatically in the first heating cycle in the DSC and, subsequent,
phase de-mixing behavior can be followed nicely by repeated heating and cooling cycles
within the DSC. We clearly demonstrated that heating only to 120° C had no effect on the
mixed phase structure, while heating to temperatures > 130° C lead to further and further
extents o f phase separation. These data were suggestive that hard segment nano-domains
and/or hydrogen bonding within the PU itself were largely responsible for the lack of
phase separation in the PU/Ac hybrid latex. In the following section we describe a
number o f experiments directed towards probing these ideas.
The Tg of the PUD seed and of the second stage polymer [P(MMA-co-BA)] previously
studied are both lower than reaction temperature, and such non-equilibrium phase mixing
is very different from simple acrylic systems we have studied. Therefore, based on the






separately focused on creating non-urethane seed latices with low Tg’s, cross-linking, 
hard segments, and variable hydrogen bonding potentials. In case 1 we made a 
comparative study o f an all-acrylic system with a PBA seed and a P(MMA-co-BA 3:1) 
second stage. In case 2 we used an extensively crosslinked PBA seed to simulate the 
“pseudo-crosslink” effects within the polyurethane. In case 3 we tried to use a soft seed 
with hard blocks built into the chain. In case 4 the seed polymer was created with 
significant amounts o f hydrogen bonding provided by carboxylic acid groups within the 
copolymer. In cases 5 and 6 we tried to build -N H  groups into the seed polymer chains so 
as to more closely simulate the polyurethane. In cases 7 and 8 we returned to the PUD 
seed latex and used styrene and, separately, methyl methacrylate as monomers to 
dramatically vary the presence of -C = 0  groups in the second stage monomers -  these 
groups may possibly form hydrogen bonds with the polyurethane chains. Unfortunately, 
the experiments in case 5 and 6 were not completed due to some very significant 
technical difficulties.
5.3.5. Case 1. A ll-acrylic seed latex.
A simple PBA (Tg = -45°C, similar to Tg o f the soft segment in the PUD) seed latex was 
prepared with 2% acrylic acid (similar to that calculated for the acid content in the PUD). 
MMA-co-BA (3:1 by weight) was applied as second stage monomers in a starve-fed 
reaction. Particle size o f the seed latex was 109nm, and the particle size o f the composite 
latex with a stage ratio o f 1.0 was 137nm. The monomer concentration remained low 
during the reaction (i.e. starve fed) and the final conversion was complete.
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We found an almost folly phase separated feature in this composite latex compared to its 
corresponding latex blend sample. In Figure 5.18, the bottom set of curves for the 
PUD/Acrylic hybrid has been presented before and clearly shows that the original latex 
(red curve) has substantial phase mixing and shows significant phase separation upon 
annealing to 150° C in the DSC (green curve). In comparison, the top set o f curves is for 
the PBA seed systems. The black curve represents a simple latex blend of the PBA seed 
and a separately prepared P(MMA-co-BA) latex -  this serves as a reference curve for a 
fully phase separated system. The blue curve shows the results for the P(BA-co- 
AA)/P(MMA-co-BA) composite latex and very clearly demonstrates that this system is 
essentially fully phase separated, contrasting sharply with the PU hybrid system. The 
results showed us that for one all-acrylic system o f low Tg there was nearly complete 
phase separation in the composite particle even though the polarity difference between 
the seed and second stage polymers was not great. Thus the amount o f phase mixing in 
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Figure 5.18: BJ1-86 (PBA-AA2%) blend with BJ1-38 P(MMA-BA 3:1), BJ1-88 hybrid (1st stage: 
PBA-AA2%, 2nd stage P(MMA-BA 3:1) ), PUD R-967 blend P(MMA-BA 3:1), BJ1-40 hybrid 
(1st stage: PUD R-967, 2nd stage P(MMA-BA 3:1))
5.3.6. Case 2. Crosslinking in an all-acrylic seed  latex.
Another possible reason for the lack of phase separation could be that the PUD has some 
sort o f “pseudo-crosslinking” restricting chain movement. We made another P(BA-co- 
AA) latex with 5 wt. % EGDMA in the recipe. This represents a very large amount o f 
crosslinking agent as compared to usual recipes, but we wanted to make sure that we 
would have a high crosslink level in this soft PBA based seed. O f course all o f the latex 
particle sizes were the same. Figure 5.19 shows the DSC results for this composite latex 
(black curve) and compares them to the corresponding results for the simple latex blend 
(but for the PBA seed without EGDMA) and the PU/Ac hybrid latex -  none o f these 
samples were annealed. The first point to make is that by comparing the low Tg peaks o f 
the latex blend (blue) and o f the crosslinked PBA composite, one sees the latter Tg 
shifted upwards by ~ 12° C. This is not due to the crosslinked polymer, rather it is due to
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the fact that EGDMA as a simple copolymer component creates a stiffer polymer (i.e. 
poly-EGDMA has a pure component glass point o f ~ 144° C [19]). The second point to 
note is that the PBA based composite system (without annealing) appears to be nearly 
completely phase separated, as did the non-crosslinked version. For comparison, and in 
sharp contrast, we have also placed the DSC results for the R967 PUD based system in 
the figure as the red curve. This indicates to us that there must be something special in the 
PUD that leads to the lack o f phase separation during polymerization and that it is not as 
simple as pseudo crosslinking.
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Figure 5.19: DSC thermal transitions for a PBA -  P(MMA-co-BA) latex blend (blue curve), a 
crosslinked P(BA-co-AA) -  P(MMA-co-BA) composite latex (black curve) and the R967 based
PU/Ac hybrid latex (red curve).
5,3.7. Case 3. Creating “hard blocks ” within the seed  latex.
In this case we studied the potential role o f “hard blocks” in the PUD that might decrease 
chain mobility and limit the phase separation process. Since the hard segment in the PUD 
is from IPDI segments (which should have a Tg between 100 and 200°C, but we cannot 
detect it by DSC), we used an ABA block copolymer (approximate Mw 120,000) o f 
styrene/ethylene-butylene (SEBS, by SC IEN TIFIC  POLYM ER PROD U CTS, INC), with 
styrene blocks on each chain end. So the Tg o f hard segment both in PUD and in ABA
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block copolymer is higher than reaction temperature (70°C), and the Tg o f soft segments 
are below -40°C. We applied a miniemulsion process by first dissolving SEBS in 
dichloromethane and dispersing it in water through sonication, and then we evaporated 
the solvent by stirring for 15 hours at room temperature and another 1 hour at 60°C. For 
second stage monomers we again used MMA-co- BA (3:1 by weight). The result was 
extensive phase separation, as shown by the DSC thermal transitions in Figure 5.20 
below. The curve for hybrid sample shows a simple combination of seed and second 
stage materials, and after heating the sample to 150°C at the end of cycle 1, there is not 
much difference in cycle 2 from cycle 1. This indicates little or no further phase 
separation. There is a strange exothermic transition at around 10°C in the DSC curves for 
the SEBS (black curve) seed latex and it also appears in the hybrid sample. The cause for 
this transition is unknown to us so far. Therefore, the rigid nature of the hard blocks in 
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Figure 5.20: DSC thermal transitions for a seed latex made from an ABA tri-block copolymer and 
a second stage monomer of MMA-co-BA (3:1 wt. ratio). Pure seed and second stage polymer
transitions are displayed for reference.
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5.3.8. Case 4. Creating significant hydrogen bonding within the seed latex.
We incorporated a large amount o f acid groups (methacrylic acid) in the polymer chain 
by making a P(BA-co-MAA 3:1) copolymer seed. We speculated that there should be fair 
amount o f hydrogen bonding between carboxylic acid groups within this seed as result of 
its high acid content. This seed could help us then understand if  simple high 
concentrations o f hydrogen bonding within the seed material would limit the phase 
separation process in second stage reaction. Once again, a starve-feed reaction was 
conducted using MMA-co-BA (3:1) as second stage monomers. At stage ratio o f 1, the 
seed particles o f 52.6 nm grew to composite particles o f 67.7nm, measured by light 
scattering. As shown in Figure 5.21 below, the Tg peaks for each component in the 
hybrid sample appear at the temperature at which the individual stages were tested 
separately (black and green curves). In addition there is no dramatic difference between 
the two heating cycles for the hybrid sample. These results indicate that a well phase 
separated composite sample emerged from our reaction. Whatever hydrogen bonding 
might have occurred in the seed P(BA-MAA) latex particle did not appear to limit the 
phase separation. We also need to mention that the dry Tg o f P(BA-MAA 3:1) sample 
should be -7°C calculated by Fox equation, and we got a much lower value (-26°C as in 






















Figure 5.21: DSC thermal transitions for a P(BA-co-MAA) seed latex and a second stage 
monomer of MMA-co-BA (3:1 wt. ratio). Pure seed and second stage polymer transitions are
displayed for reference.
Although the peak shape of the seed (at -25°C) is different from the shape of pure 
polymer (black curve) in both blend and hybrid curves, such results indicate again not 
much phase mixing. But one could argue that in P(BAMAA 25%) seeds, the -O H  : C =0 
is 1:4, while in PUD the NH : C=0 is 4:3. This means that in the PUD seed there are a lot 
o f ‘extra’ potential NH units to form hydrogen bonds with the C=0 groups from the 
second stage acrylics. Further experiments seem to be required for an effective 
comparison.
5.3.9. Cases 5. Creating amine groups in the seed  latex.
Since we speculate that the -N H  groups might potentially form hydrogen bond with 
second stage acrylic polymers, it would be helpful if we could create a new acrylic seed 
but with some extra amine groups. We planned to copolymerize allylurea or N- 
isopropylacrylamide (NIPAm) with BA so as to incorporate -N H  groups into the low Tg 
seed polymer chains. However, for allylurea there was a large amount o f unreacted 
monomer or oligmers left in the reaction medium. For the NIP Am, we could not get a
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good copolymer with BA. A very broad Tg transition and a low Tg peak seemingly 
representing homo-polymerized PBA indicated that a big composition drift happened 
during the reaction. There is much further work to accomplish on the preparation o f these 
seed latices.
5.3.10. Cases 6. Another try o f  creating amine groups in the seed  latex.
Sipomer wet adhesion monomers (WAM) are custom designed to combine the benefits o f 
amine and ureido functionalities in a single monomer for improvement o f wet-adhesion 
properties o f acrylic coatings. It is relatively easy to copolymerize with acrylic monomers 
through its allylic functionality compared to NIP Am or allylurea. We used WAM II 
monomer (Figure 5.22) for our purpose o f incorporating amine groups into acrylic seed 
latex through copolymerization.
One of the main problems is that the monomer itself is a mixture of different monomers. 
Sipomer WAM II contains ~20% methacrylic acid and 30% water. It is highly water 
soluble, and thus the monomers cannot be mixed well with acrylic monomers during the 
reaction. So a separate stream o f WAM II supply is required along with the acrylic 
monomer stream in order to control the composition o f the product. The pH value of 
medium is extremely important for the copolymerization and stability because once the 
amine functional groups get ionized, the polymeric radical will be soluble in the water




phase without copolymerizing with acrylic monomers. The WAM II is designed as a 
minor ingredient in latex recipe for modification purposes, and it is usually applied at a 
level o f 0.5-5 wt% o f total monomer mass. In our experiments, the WAM II should take 
up to 50wt% in order to simulate the concentration of amine groups in the PUD sample. 
The colloidal stability problems during reaction limited the solid content in our 
experiments below 10wt%, and the monomer conversion was around 80%.
We have been successful in preparing two seed latices by copolymerizing BA with WAM 
II. One is at 20wt% of WAM II (BA:WAMII = 4:1) and the other was at 50wt% of WAM 
II (BA:WAMII = 1:1). The solid level is around 10% with reasonable conversions 
(>80wt%). We applied P(MMA-co-BA 3:1) as second stage polymers at a stage ratio o f 
1.0, as in the PUD/Ac hybrid samples. Figure 5.23 below shows the DSC results o f the 
two hybrid samples. By comparing the difference between the scan o f the original sample 
(cycle 1) and the scan o f the annealed sample (cycle 2), it is clear that the second hybrid 
sample P(BA-co-WAM II l:l)/P(MMA-co-BA 3:1) contains some phase mixing, while it 
is not obvious for the first sample likely due to low levels o f amine group in the seed 
polymer. It is a concern that the signal for seed polymers (at around -45 °C), with 
changing copolymer ratios, looks like that o f pure PBA seed. We are not certain with 
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Figure 5.23: DSC traces of hybrid samples. Top:P(BA-co-WAM II 4:l)/P(MMA-co-BA 3:1); 
bottom:P(BA-co-WAM II l:l)/P(MMA-co-BA 3:1). bluexycle 1, Red:cycle 2.
5.3.11. Case 7. Reducing possible hydrogen bonding with the second stage polymer.
Based on the assumption o f restricted diffusion due to hydrogen bonding, there are two 
types o f hydrogen bonding to consider in our situation. One is the hydrogen bonding 
within the PUD itself among urethane and urea groups. The other one is the hydrogen 
bonding between -N H  groups in PUD and -C = 0  groups in second stage acrylic polymers. 
The first type o f hydrogen bonding might act like “pseudocrosslinking” as in the 
discussion of Case 2 and 3 experiments above. To study the second type of hydrogen 
bonding, we further designed experiments varying the -C = 0  group concentration in the 
second stage monomers. In the first instance we reduced the content o f -C = 0  groups in 
second stage monomers by replacing MMA with styrene. The rate o f polymerization is 
slower when styrene is involved in the reaction, and we had to feed the second stage 
monomers more carefully so as to maintain the monomer concentration in the latex 
particle comparable to those cases with MMA. We prepared three PUD/acrylic hybrid 
samples with the only difference being monomer feed time (Figure 5.24: 2 hour (red 
curve), 4 hour (green curve), and 6 hour (purple curve)). PUD (v-70) was used as the
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seed latex (larger particle size than the R 967), and the second stage monomers were St- 
BA (4:1). The Tg of second stage polymer (~62°C) is around the same as the P(MMA- 
BA 3:1) mentioned many times above. Figure 5.24 presents the monomer concentration 
within the latex particles during reaction as calculated from conversion data. The 4 hour 
feed reaction (green curve) is very close to the PUD/P(MMA-BA) hybrid reaction (blue 
curve) in terms o f monomer concentration during reaction.
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Figure 5.24: Monomer concentration within latex particles during reaction for different second 
stage monomer compositions and different monomer feed rates.
It is very interesting that we found that there was not as much phase mixing in these 
samples (Figure 5.25 below) as in PUD/P(MMA-BA) sample (Figure 5.26). For example, 
the quantification result o f 4-hour-feed sample (BJ2-31) is 13% (Appendix C, pp271), 
while the result for the PUD/P(MMA-BA) (BJ1-74) is 35% (Appendix C, pp266). And 
these results, to a certain degree, suggested the possibility that the bonding between -  
C=0 in second stage polymer chains and -N H  in PU chain can limit the phase separation 




top BJ2-29,2hr feed 






0 .0 0 -
- 0.01





Figure 5.25: DSC thermal transitions for PUD V-70 seed latex and St-co-BA second stage 















Figure 5.26: DSC thermal transitions for PUD V-70 seed latex and MMA-co-BA second stage 
polymerization at a 2 hour feed time (BJ1-74).
5.3.12. Case 8. M axim izing the difference between possib le hydrogen bonding with the
second stage polymer.
In this case we used PUD (v-70) as seed, and two totally different second stage 
monomers were chosen. One was pure MMA and the other was pure styrene, which 
contains no -C = 0  groups at all. Monomer concentration in the particles o f  both reactions 
is maintained at a low level (<1M) by the starve-fed approach, as shown in Figure 5.27(b).
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The low concentration o f monomers may still plasticize the polymer chains to a certain 
degree, but as we have shown earlier, even very soft acrylic second stage polymers can 
have a great amount of phase mixing with the PU phase. The wet Tg o f both PMMA and 
PSt is around the same (~100°C) while in the reactor. Since PMMA contains -C = 0  
groups in each monomer unit that will possibly bond to -NH  groups in the PUD, and PSt 
does not, the non-equilibrium phase mixing might be expected to be less in the styrene 
case. DSC results in the lower curves o f Figure 5.27(a) show very little difference 
between heating cycles and suggest that relatively little phase mixing is present. In 
contrast, the DSC results for the PUD/PMMA hybrid (top) demonstrate significantly 
more phase mixing. Here in cycle 1 (blue line) there is not enough pure second stage 
material to show a peak for pure PMMA which should be at 119°C. Instead a broad peak 
appears at a much lower temperature indicating a lot o f PMMA chains are mixed with the 
low Tg segment of the PU. Also an increase in the peak size for the soft PUD phase (at ~ 
-53°C) in cycle 2 (red line) indicates that after annealing at 150°C, more PUD chains 
were separated out to contribute to the peak for pure PUD. The PUD/PSt hybrid (bottom 
lines) has less apparent phase mixing because the difference between 2 cycles is not 
nearly as dramatic. The quantification results show that there is 62% of interphase for 
PUD/PMMA sample (Appendix), only 28% for PUD/PSt sample (Appendix). Such 
results agree very well with our idea that the hydrogen bonding between PUD seed and 
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Figure 5.27(a): DSC results for the PUD/PMMA hybrid (top, BJ2-51) and PUD/PSt hybrid 
(bottom, BJ2-49). Blue curves: cycle 1. Red curves: cycle 2.
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Figure 5.27(b): monomer concentration (Cp) profile during reaction. Left: PUD/PSt 6-hour feed 
reaction. Right: PUD/PMMA 2-hour feed reaction.
In a brief summary for the case studies, we have found that in segmented PUD/acrylic 
hybrid particles, incomplete phase separation during reaction leads to non-equilibrium 
morphologies. Based on experimental evidence so far, we believe the reason for such 
non-equilibrium phase mixing is significantly due to hydrogen bonding between -NH 
groups in the PUD and the -C = 0  groups in acrylic polymers. In addition the hydrogen 
bonding may increase the degree of compatibility of the PU and acrylic polymers, thus 
lowering the driving force for phase separation.
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5.3.13. TEM  characterization o f  the m orphology o f  the PUD/acrylic composite latices.
While the DSC results shown above can indicate the amount o f  phase separation in the 
particle, we still need visual proof to show where the polymer phases are located within 
the particle. For this, TEM pictures were captured for both simple PUD particles and for 
hybrid latex particles. An acrylic, film-forming, embedding latex was used to create a 
continuous background in the microtomed sample, and so particles o f interest could be 
seen and be well dispersed in the picture. In Figure 5.28 the light-colored hexagonal 
grains are characteristics o f the film formed from the embedding latex. Here it is shown 
that PUD particles can be stained dark grey or black by the ruthenium, and the largest 
particles in the picture are the most representative o f the cross sections o f our sample 
particles. It is also noticeable that the PUD particles are not circular due to deformation of 
these soft PUD particles during the film forming process.
(a) (b)
Figure 5.28: TEM of PUD alone, (a): 4,000x, ruler: 500nm. (b): 10,000x, ruler 200nm. 
Figure 5.29 shows the TEM results for a hybrid latex made from the 60V-70 PUD with a
second stage of MMA:BA at a 1:1 ratio. The sectioned particles are in good focus and we
can clearly see the unstained acrylic domains in the particles. These are the same particles
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that yielded the DSC transition shown in Figure 5.9 (green curve) where it appears that 
there is some phase separation achieved during the polymerization. The TEM photo 
clearly suggests that the acrylic polymer is located throughout the composite PU/Ac latex 
particles and that the “domains” are not sharply distinguished from the darkened PU. This 
is the first sample for which we have complimentary evidence from both DSC and TEM 
to characterize the non-equilibrium particle morphology.
Figure 5.29: Microtomed and stained (via Ru) sections of V-70 based PU/P(MMA-BA) 
composite latex particles within an embedding latex film. Experiment BJ1-76.
Now we focus on the two comparative hybrid samples discussed earlier in case 8 (section 
5.3.12). Figure 5.30 shows the morphological characteristics o f  the PUD/PMMA hybrid 
particles. These hybrid particles more closely retain their spherical shape during film 
formation because the PMMA second stage makes the hybrid particles stiffer. Also, they 
are textured as compared to the simple PUD particles in Figure 5.28. The light colored 
domains inside the particles result from PMMA microdomains which cannot be stained 
by ruthenium tetraoxide vapor. The size o f the bright domains is measured from the 
image to be around 5-15 nm, while a typical radius o f gyration for PMMA chain from 
emulsion polymerization is around 10-20nm. The number o f individual PMMA chains 
(Mw -100,000) within the bright domains should be 0.4-10 based on a weight balance
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calculation. This indicates that the PMMA chains were confined into the smallest 
possible domains within the polyurethane matrix due to the polarity difference, but they 
were not able to form larger domains due to the limited mobility by hydrogen bonding.
TEM results indicate that the morphology of hybrid particles is not ‘core (PMMA)-shell 
(PUD)’ as expected at thermodynamic equilibrium by polarity differences, but is instead 
a kinetically restricted, non-equilibrium structure. Such a morphology suggests that 
polymer chains could not diffuse easily to their equilibrium locations during the 
polymerization, and thus resulted in a large amount o f inter-phase polymer, as supported 
by the phase mixing feature observed from DSC analysis in Figure 5.27(a) and also 
Figure 5.31 below. It is also important to state that the PUD/PMMA latex still forms an 
integral film at both room temperature (20°C) and 70°C. This implies that there is enough 
PUD surrounding the PMMA domains and that enough PU is at the outside o f the 
particles so as to form a continuous film.
(a) (b) (c)
Figure 5.30 (a): TEM of PUD/PMMA. 4,000x, ruler: 500nm; (b): TEM of PUD/PMMA. 10,000x, 
ruler: 200nm; (c): TEM of PUD/PMMA. 20,000x, ruler: lOOnm.
If we anneal the hybrid latex at 150°C, however, phase separation can happen due to the 
apparent relaxation o f the hydrogen bonding, and chain diffusion should lead to a well
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phase separated morphology as predicted by thermodynamic theories. The red curve in 
Figure 5.31 confirms this prediction by showing two well separated peaks, and also TEM 
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Figure 5.31: DSC plots of PUD/PMMA hybrid sample (BJ2-51). Black curve: cycle 1 of dry film 
from as reacted latex. Red curve: cycle 1 of dry film from thermally annealed latex (at 150°C) for
90 minutes.
(a) (b)
Figure 5.32 (a): TEM of annealed PUD/PMMA latex particles. 6,300x, ruler: 500nm; (b): TEM of 
annealed PUD/PMMA latex particles. 20,000x, ruler: lOOnm;
We also prepared PUD/PSt hybrid samples (BJ2-49) for TEM, but due to the fact that 
ruthenium vapor can stain both PSt and PUD, we cannot easily identify separate phases
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in the TEM picture (Figure 5.33) even though phase mixing is not dramatic as shown by 
the black curve in Figure 5.34.
Figure 5.33: TEM of as reacted PUD/PSt latex particles (BJ2-49). 10,000x, ruler 200nm.
If we anneal the PUD/PSt hybrid latex, further phase separation can still happen (red
curve in Figure 5.34) because there is a certain degree of phase mixing present due to low
mobility o f polystyrene chains at reaction temperature (70°C). Such phase separation also
helps the contrast for TEM characterization. As shown in Figure 5.35, the annealed latex
particles again develop into the well phase separated ‘core (polystyrene, black)-shell
(PUD, grey)’ structure. The polarity difference between the two phases suggests that
polyurethane should be on the shell region because it is more hydrophilic. The latex after
annealing remained stable without addition o f any surfactants. Therefore there must be
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Figure 5.34: DSC plots of PUD/PSt hybrid sample (BJ2-49). Black curve: cycle 1 of dry film 
from as reacted latex. Red curve: cycle 1 of dry film from thermo annealed latex (at 150°C) for
90 minutes.
Figure 5.35: TEM of annealed PUD/PSt latex particles (BJ2-49). 8,000x, ruler 200nm.
In summary of the TEM characterizations, we have been able to stain the PUD particles
using Ru0 4 vapor and view them under the microscope. High resolution images o f the
PUD/acrylic hybrid samples are obtained with good agreement with DSC analysis. Both
techniques indicate the non-equilibrium phase mixing structure existing in PUD/acrylic
hybrid samples, and equilibrium core-shell morphology can be achieved by thermal
annealing of the latices.
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5.3.14. Investigating the E ffect o f  A c /P U  Stage Ratios in Film s From H ybrid  Latices and  
Simple Latex Blends
The primary goal o f making a PUD/Ac hybrid particle is to reduce the content o f 
polyurethane in the composite polymer by placing a hydrophobic acrylic core inside o f 
PUD particle. Thus in an ideal film formation perspective, as long as there is enough 
polyurethane on the outside o f the particle to form a continuous film, the amount o f 
acrylic could be maximized.
Assuming there is a uniform size distribution o f acrylic polymer within the core, and that 
these particles are closely packed hexagonal, the acrylic phase will be 0.74 volume 
fraction o f the total film (Figure 5.36). The rest o f the space should be occupied by 
polyurethane so as to form a barely continuous film. In this extreme case, the stage ratio 
of acrylics to polyurethane equals to 2.8 (i.e. 0.74/0.26), and we extended it to 3 for our 
experiments.
Figure 5.36: Hexagonal close-packed (hep) and face-centered cubic (fee) close-packing of
spheres, adopted from Wikipedia
We designed our experiments with stage ratios up to 3, and intentionally made the acrylic 
phase rigid at room temperature (Tg=62°C). Thus when we dry the hybrid samples at 
room temperature, the hybrid latex will form a contiguous film only when there is enough 
PU on the outside o f the particles. In our case where the refractive indexes (RI) o f both 
components are very close (both RI around 1.5), a clear film will be a good indication o f
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the film continuity. We created the hybrid latices at SR=0, 0.5, 1, 1.5, 2, 2.5, 3. The 
degree of phase mixing in these hybrid latex samples are characterized via DSC (Figure 
5.37). It is apparent that phase separation happens only after annealing the samples in the 
DSC at 150°C for 30 minutes (the red curves in Figure 5.37 indicate the second scans, 
which are the scans after annealing). Therefore, non-equilibrium phase mixing exists in 
all o f  the “as reacted” hybrid samples. At low stage ratios (SR=0.5, 1) the second stage 
acrylic polymers should predominantly reside in a mixed state because there is almost no 
elevation of the curves at around 60° C in the first DSC scan. Such phase mixing will 
make the polyurethane phase not as soft as when it is pure, and thus has an impact on the 
polyurethane film properties. This explains the brittleness o f the films at SR=1.5 and 2, 
where there is certainly enough polyurethane to form a flexible film if it was ideal core- 
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Figure 5.37: DSC scans of PUD(60v-58)/P(MMA-co-BA 3:1) hybrid samples at different stage 
ratios. The red indicate the second scans after annealing the sample in the DSC for 30minutes at
150° C.
We dried the hybrid samples at room temperature (Figure 5.38 lower set o f pictures). The 
films remained clear and flexible up to a stage ratio o f 1, meaning there is adequate
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polyurethane at the outside o f the particle for film formation. At stage ratio o f 1.5, the 
film is still clear and continuous, but easily cracked by hand. At the stage ratio o f 2, 2.5, 
and 3 (Table 5.4), slightly cloudy films formed and cracked into many strips by 
themselves after drying, meaning they are brittle and contain some defects due to a 
deficiency of the polyurethane phase. Annealing the hybrid latex (SR=3) at 150° C for 1 
hour in a pressurized reactor induces a decent amount o f phase separation in the latex 
particles (Figure 5.39); a DSC scan on the dry sample o f this annealed latex shows only 
minor differences from a thermal annealed (at 150° C) sample by DSC as the second scan. 
From our observations, the annealed latex makes a better film compared to the as-reacted 
latex, but cracks and some cloudiness are still present.
Table 5.4: Film formation of hybrid latices at room temperature after 24 hours.
SR = 0 0.5 1 1.5 2 2.5 3
Film
color
clear clear clear clear cloudy cloudy cloudy
texture continuous continuous continuous continuous cracked cracked cracked
Blending of two latices together is another common way to modify the properties o f final 
products, or to reduce the cost. We made latex blend samples for comparison with the 
hybrid samples at different stage ratios. Blend samples are prepared by physically adding 
the PUD (~40wt% solid), an acrylic latex (-20%  solid), and water together and mixing 
on a shaking table for 10 minutes at a total solid content around 15wt%. We found that 
the latex blend samples also formed clear films at low stage ratios; at SR=1.5, the film 
also gets brittle. However at high stage ratios (SR=2.5, 3), the films turned completely 
white and became very different from the hybrid films at the same stage ratios. Such 
comparisons between the hybrid and blend film at SR=2.5 and 3 indicate that the blend 
films contains significant defects that scatter the visible light and turn the films into white.
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With the same raw material and stage ratios, the hybrid film contains less o f such defects 
and thus looks only cloudy. Furthermore, we also blended the two latex components 
together by sonicating for 10 minutes followed by shaking (200rpm) overnight at ~15wt% 
o f total solid level in the latex, just to make very sure the two latices were well mixed 
prior to filming. The resulting film (SR=3) is still white with no visual improvement. In 
this work our only focus was on the film formation process.
Blend
samples
SR=0.5 SR=1.5 SR=2.5 anneal
Hybrid
samples
Figure 5.38: Comparison between blend and hybrid films at different stage ratios, “anneal” refers 
to the film formed from a hybrid latex annealed at 150°C for 60 minutes at SR=3.
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Figure 5.39: DSC scans of PUD/Ac hybrid samples: blue: sample from annealed latex; green: 




We also studied the final film structures by SEM (Figure 5.40) for samples at the stage 
ratio o f 3 focusing on the middle part o f a cross-section of the film. It is clear that in latex 
blend samples there is not enough polyurethane material to “glue” hard acrylic spheres 
together, and instead, the polyurethane only seems to form separated domains within the 
film (left image, Figure 5.40). Brown et al [6] also reported inhomogeneous distribution 
o f polyurethanes in the latex blend films studied by AFM. The hybrid latex samples 
(right image, Figure 5.40) showed more continuous or homogenous distribution of 
polyurethane, and it appears that all materials are held together. It is interesting to see that 
there appear to be rigid spherical particles in the hybrid films. We speculate that the 
second stage acrylic may form a distinguishing spherical core surrounded by a partial 
PUD shell at high stage ratios, though such structures are not true for hybrid particles at 
low stage ratios (eg. SR=1) as shown by TEM images from the section above (Figure 
5.29, 5.30). It will be very helpful to get TEM results for these hybrid samples (at high 
SRs). Figure 5.41 shows the TEM image o f PUD/P(MMA-co-BA 3:1) sample at SR=3. It 
is clear that a black ring is around the light grey core, which means there are PUD 
materials are on the outside of the particle. And the spherical core is mainly composed of 
acrylic materials. Such visual evidence agrees with the SEM results shown in Figure 5.40, 
and also very reasonable from colloidal stability aspect. Because bare acrylic particles are 
not colloidally stable in latex from at 20% solid level without surfactant, and the hybrid 
samples are stable latex without adding external surfactant, there must be enough PU 
chains on the outside o f the hybrid particle to stabilize the system. However, there are 
still certain amounts of PU mixed with acrylics in the core region, and make the core 
looks grey or with black dots, in agreement with DSC results in Figure 5.39 (bottom
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curve). These mixed PU chains can again be relaxed to phase separate by thermal 
annealing the latex, and in Figure 5.42 the TEM image of such annealed particle shows 
well distinguished, light colored core of acrylic second stage polymers. The dark shell 
region of PU is thin in both Figure 5.41 and 5.42 due to the high stage ratios.
Figure 5.40: SEM image of latex blend (left) and hybrid latex film (right) at 15,000x. The 
inserted images are taken at 50,000x respectively. Images are taken from the cross-section of the
film at the mid-section between the surfaces.
Figure 5.41: TEM images of PUD/P(MMA-co-BA 3:1) sample at SR=3. As reacted sample. Left: 
8,000x, ruler 200nm; Middle 8,000x, ruler 200nm; right: 12,500x, ruler 200nm. Yellow arrows
indicate the location of the hybrid particles.
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Figure 5.42: TEM images of PUD/P(MMA-co-BA 3:1) sample at SR=3. Annealed latex sample. 
Left: 8,000x, ruler 200nm; right: 16,000x, ruler 200nm. The arrows indicates the location of the
particles.
A final point o f interest is that the particle size growth o f PUD/Acrylic systems does not 
follow the stage ratio calculations (i.e. material balance), while all the styrene-acrylic 
systems that we studied do. For one particular experiment as shown in Figure 5.43, the 
particle size o f the PUD seed at the beginning (exp. time = 0) is measured to be 127 nm. 
During the hybrid reaction, the particles sizes are recorded by using Nanotrack as a 
function of conversion. Note that the experimental data (blue stars) are much lower than 
the values calculated as target values (red stars) based on stage ratios and conversions. 
One possible explanation for this difference is that the PUD particle is highly water- 
swollen due to the strong hydrophilic nature o f the PUD chains, as mentioned by R. 
Satguru et al [1]. We speculate that the mixing o f the acrylic polymer chains into the 
PUD seed particle can change the overall water affinity of the system. Based on such a 
scenario, we presume that the amount o f water uptake is a decreasing linear function of
•3
second stage weight fraction. Specially we wrote p-4/3'7r(D/2) = nrA-(l-x), where 
p=lg/ml because water and polymer density are both assumed to be 1 g/ml. D is the 
measured diameter o f the particles, m is the mass o f the polyurethane polymer in one
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average particle, which is unknown. A is the amount o f water uptake by pure 
polyurethane, jc is the weight fraction o f second stage acrylic polymer within the total 
polymer, and it can be calculated by the stage ratios. So we have 2 unknown parameters 
(m and A) in the equation and 7 data sets (D vs. x). The two parameters can thus be easily 
calculated or simulated to fit the data points. We found that the experimental data can be 
simulated very well (green curve) when the initial water uptake of the PUD is set at 224% 
o f its initial polymer mass. Next, we book calculated the neat polymer particle size 
(black cross) without taking the water-absorption into account. It is quite clear that water 
swelled the PUD and its hybrid particles by a significant degree. And at the end o f the 
reaction (SR=3), there are still ~36wt% o f water out o f the total particle weight in the 
hybrid latex from our calculation.
Growth of PUD/acrylic hybrid particle
» ( w i t h o u t  w a t e r )
3
350
Figure 5.43: Plots of the growth of particle sizes during reaction. Exp #: BJ3-11, seed: PUD(60v- 
58), second stage: P(MMA-co-BA 3:1), starve-fed reaction.
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5.4. Summary and Conclusion:
We have made various PUD/acrylic hybrid samples with different PUD seed latices, and 
also different combinations of acrylic monomers. A common feature o f these systems is 
that large amounts of phase mixing exist in the samples. Low flexibility o f  the polymer 
chains (when Tg is above reaction temperature) are usually the reason for phase mixing 
in polymer composite systems, but in the current case, both PU and acrylic chains are 
very soft at reaction temperature in most cases, while the phase mixing is still present.
We have conducted a series of case studies focusing on the special properties o f PUD 
material that may lead to the phase mixing, including hard segment, ‘pseudo-crosslink’ o f 
the seed, high concentration of hydrogen bonding, high content of amine groups, and etc. 
We found that the potential hydrogen bonding between amine groups from PUD and 
carbonyl groups from acrylic chains are largely responsible for the restriction o f chain 
movement and thus phase mixing. Reducing the concentration of carbonyl groups by 
replacing acrylic monomer with styrene monomer in the second stage can effectively 
reduce the phase mixing as characterized by DSC. Another fact is that the degree of 
phase mixing as a result o f hydrogen bonding can be decreased during thermal annealing 
of the dry sample or the latex itself at a high temperature (above 130°C), at which the 
hydrogen bonding becomes too weak to limit the chain mobility. We have characterized 
the morphology and the degree o f phase mixing by a combination DSC and TEM, with 
very good agreement from both results with thermodynamic considerations. Additionally 
we can conclude that some PU must always reside at the outside of the composite 
particles since these latices remain colloidally stable without surfactant.
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Furthermore, we studied the film formation properties o f  PUD/acrylic hybrid samples at 
different stage ratios up to 3, which is in practice the upper limit for a continuous film.
We found by SEM that in hybrid samples the distribution o f PUD materials is more 
uniform and it acts like ‘glue’ to hold acrylic-rich phase together, while in blend samples 
(at SR=3) the PUD tends to segregate and results in poor film-formation. TEM has shown 
that at a low stage ratio (SR=T) the acrylic-rich phase are distributed as small pieces 
throughout the sample in the as reacted latex particle. Howeyer at a high stage ratio 
(SR=3) the acrylic-rich phase becomes a big core surrounded by a thin PU shell, even 
though there are still some PU materials mixed in the acrylic core region. DSC data and 
TEM images both show such mixed PUD chains in the acrylic phase. The polarity 
difference between the two kinds o f chains is very large so that a portion o f PU will tend 
to be on the very outside o f the particle even when the overall PU content is low in the 
sample (25wt%).
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Measuring the Glass Transition of Latex-Based Polymers in the Hydroplasticized 
State via Differential Scanning Calorimetry
This chapter contains the details o f our work on measuring the hydroplasticization of 
polymers via differential scanning calorimetry. The work has been published in a 
leading, peer reviewed, polymer journal (Bo Jiang, John Tsavalas, and Donald Sundberg 
“Measuring the Glass Transition of Latex-Based Polymers in the Hydroplasticized State 
via Differential Scanning Calorimetry”, Langmuir 2010, 26(12), 9408-9415) but is 
presented here so as to be in the same format as the rest of the thesis.
6.1. Introduction
Synthetic latex particles are nearly always produced in an aqueous environment in which 
the monomers used and polymers produced are saturated with water. This is true during 
the polymerization and latex storage stages, as well as during the film formation stages 
for applications in architectural and paper coatings, as well as pressure sensitive 
adhesives. With evermore interest in the use o f waterborne polymers, it is useful and 
necessary that the effects o f water as a plasticizing agent are considered during both latex 
synthesis and application. Many authors have recognized the importance of water 
plasticization o f polymers during film formation [1-13] but only one to date has reported 
on this effect during latex polymerization [14] as far as we know. In the latter case the
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effect o f water plasticization is to lower the effective glass point of the polymer(s) in the 
latex particles during reaction and influence the diffusion o f growing and dead polymer 
chains so as to potentially affect the morphology o f composite latex particles [15-17]. In 
both cases it will be very useful to have the ability to measure this plasticization effect 
and to be able to predict it [18] as well.
The subject of water plasticization of polymers has been periodically discussed in the 
emulsion polymer literature, but it has been long considered in the textile, cosmetic and 
pharmaceutical literature [19,20 and references therein]. Textile researchers have 
measured the effect o f water content on the glass transition temperature (Tg) o f fibers 
such as human hair and wool [19], among others. Most o f these studies have been done 
by adding water back to the fibers or other polymers so as to saturate them prior to 
measurement. While this approach might be applicable to some latex polymers (i.e. film 
formers), it is much more effective to measure the effect in latex form, as this assures 
water saturation of the polymer and is readily convenient. Thus the focus in this paper is 
on measuring the “wet” Tg of the polymers in latex form by simple and effective 
techniques that have the capability to measure these transitions in a variety o f 
temperature ranges including those lower than the freezing point of water and higher than 
its boiling point.
As far as we know, Hymans and Daniel [21] were the first to report the use o f a simple 
differential scanning calorimeter (DSC) to measure the wet Tg’s of polymers (P(VAc-co- 
VeoVa) in this case) in latex form. For these polymers they reported the wet Tg’s were ~ 
12° C lower than the “dry” Tg’s, but did not describe the details o f the analytical 
procedure nor any problems associated with the method. Later, Okubo and co-workers
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[22] reported the wet Tg’s for some methacrylic acid copolymer latices using DSC but 
gave few details o f the method. Lee [23] carefully described the use o f a 
microcalorimeter to obtain the wet Tg o f a series o f latex based terpolymers containing 
either acrylic or methacrylic acid at various levels. They were able to measure significant 
differences in the wet and dry Tg’s (the latter via standard DSC) and to correlate them to 
acid levels. Given that DSC’s are in common usage in the latex industry and that they are 
easy to operate and have automatic sampling capabilities, our purpose in this paper is to 
present the details of measuring wet latex polymer Tg’s in the DSC. We include some 
guidelines relative to sample preparation, instrumental operation, and data analysis. There 
is great utility o f this method for homo- and copolymer latices, as well as for composite 
latex particles.
6.2. Experimental
The instrument used to obtain the thermal transition profiles for the samples described in 
this paper was a TA Instruments Q2000 temperature modulated DSC. We used an overall 
heating rate o f 3° C/min., an amplitude of +/- 2° C and a period of 60 seconds. Careful 
attention was paid to the manner which the DSC data were obtained, being sure to heat 
the sample to that o f the reaction temperature (70° C for most samples) and holding it 
there for one minute, cooling quickly to a temperature less than the lowest Tg polymer in 
the sample, and then recording the thermal scan to a temperature above the Tg of the 
highest Tg polymer. Similar procedural details are necessary for the testing o f dried, 
composite latex polymer samples in the DSC, lest the particle morphology is changed 
during the pre-heat step [24]. In some cases our testing required analysis below 0° C and 
/or above 100° C. High pressure pans were used in the latter case. The reversing heat
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capacity signal was differentiated with respect to temperature in order to present the data 
as peaks. All o f these temperature modulated curves were smoothed by 2° C by using the 
instrument software.
The polymers considered in this paper were prepared by us via simple emulsion 
polymerization techniques. The latices we produced at ~ 20% polymer solid contents, and 
used sodium dodecyl sulfate (Acros) as the surfactant (ca. 1% of polymer weight), 
potassium persulfate as the initiator (ca. 0.1-0.2% o f water weight), and bicarbonate of 
soda as the buffer (ca. 0.1% of water weight). All o f the polymerization reactions were 
conducted at 70° C in 250 ml jacketed, glass reactors. The monomers (all obtained from 
Acros) were cleaned of inhibitor by passing them through activated alumina columns 
prior to reaction.
The latex samples were used in two forms. The first was the latex itself without any 
modification -  here the latex fluid was simply added to the DSC sample pans and the 
pans were sealed. The second was to centrifuge the latex and to collect the wet sludge for 
the DSC sample. We used an Eppendorf 581 OR bench top centrifuge at a spin rate o f 
~11,000 rpm and for most samples the spin time was about 1.5 hours. In most o f those 
cases the polymer contents of the sludge were about 50% (wt) of the sample. 
Centrifugation was useful for latices with low to moderated solids content.
c
6.3. Results and Discussion
There are several topics that are useful to discuss here. These include those related to the 
procedures used to conduct the tests and the sensitivity of the results to the polymer 
solids content o f the latex, testing for wet Tg’s below 0° C and also above 100° C, a
Chapter Six
discussion about adequate drying of the polymers for dry Tg measurements, and then a 
discussion o f a number o f results for homopolymers and copolymers produced in single 
phase latex particles, and finally a discussion o f the application to two-phase, composite 
latex particles.
6.3.1. Sensitivity to Polymer Solid  Content
Industrially, latices are most often produced at solids levels o f  about 40% (wt) but in the 
lab they are often produced at much lower solid levels. In Figure 6.1 we show the DSC 
results for an acrylic copolymer (MMA-co-MA) latex at varying solid contents. The top 
curve is that for pure water to give a reference state, and the next 4 curves are for the 
latex at solid contents between 0.8 and 14%. It is clear that an identifiable signal begins 
to emerge at solid contents as low as 3-4%. Even at 7% solids the signal to baseline noise 
is improved to the point that one can have some confidence that the peak is that o f the 
polymer and not just a result o f the temperature modulation o f the instrument. We note 
that for curves 2-5 the width of the apparent Tg transition is unusually narrow at only 
about 8 degrees. The results for the centrifuged sample (~50 % solids) are shown in curve 
6. Here we see a very clear and transition with a peak width o f about 20 degrees (as seen 
in most dry polymer samples), and an indicated Tg o f 53° C. This is to be compared to 
the dry Tg of 65° C, as seen in curve 7. Thus it appears that reliable results can be 




solid content lestw ater 
solid content test.0.8% 
solid content test.3.5% 
soBd content te s t  7% 
solid content te s t  14% 











Temperature (*C) U niversal V 4.5A  TA In stru m en ts
Figure 6.1: The effect of latex polymer solid levels on the DSC results (derivative of the reversing 
Cp signal) for a P(MMA-co-MA) latex. Individual curves are identified in the figure inset and 
include pure water (#1) and totally dry polymer (#7) as reference points.
6.3.2. Sensitivity to ACp o f  the Polym er
It is known that the ACp values for the methacrylate series o f polymers are significantly 
lower than those for the acrylate series [25], and also lower than that for polystyrene.
These values decrease as the size of the ester group increases. Consequently P(butyl 
methacrylate), PBMA, produces a fairly low signal and can be more challenging to work 
with in a quantitative way (e.g with latex blends and/or composite latices) than other 
polymers. Figure 6.2 demonstrates this issue. While the dry state thermal transition is 
quite satisfactorily represented in the first curve, that for the wet state (wet Tg is 10° C 
lower than the dry state) is significantly less well displayed. In part this is due to the 
inherent weakness o f the ACp value, but it is also compromised by the huge heat of 
fusion transition for the melting of the water in the latex. This fusion related thermal
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transition does complicate the DSC results for any polymer with a wet latex Tg within 
-20° C of the freezing point o f water.
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Figure 6.2: DSC results for PBMA latex in both the dry (curve 1) and the wet (curve 2) states.
6.3.3. D rying Latex Sam ples to Obtain the D ry Tg
As a result of our working with wet polymer samples we came to realize that it was not 
always obvious to us when a latex polymer sample was totally dry. This is particularly 
true for film forming latices and for the more polar polymers. To demonstrate the effect 
o f simple drying conditions on the DSC results for a P(MMA-co-MA) latex with a wet 
Tg of 56° C, we have presented comparative curves in Figure 6.3. Here we have dried the 
latex at room temperature on the bench, in the fume hood (more air velocity), and also in 
the air circulating oven (at 60° C) for various lengths o f  time. All o f the samples visually 
appeared to be dry and handled the same at the time o f measurement. Clearly the DSC
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results offer a quite different perspective, showing that the “dry” Tg o f 75° C was reached 
(within the period o f a day) only after oven heating. It should be noted that others 
(Scatena [26] and Eckersley [5]) have written about the reverse procedure where “dried” 
polymer films were submersed in water and the subsequent Tg’s measured.
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Figure 6.3: The effect of latex drying conditions on the DSC results (derivative of the reversing 
Cp signal) for a P(MMA-co-MA) latex with a wet Tg of 56° C. Individual curves are identified in 
the figure inset and include the wet latex (#6) and totally dry polymer (#5) as reference curves.
6.3.4. Application to T g ’s Below 0° C  and  Above 100° C
It is obvious that special precaution needs to be taken for wet latex when the thermal
scans are done near to or above the boiling point of water. The simplest thing to do is to
use a high pressure pan (usually stainless steel and significantly heavier than the standard
aluminum pan) for such samples. We demonstrate results for PMMA latex in Figure 6.4
for both wet and dry samples. Both signals are well discerned in this figure and clearly
demonstrate the ~ 25° C decrease in Tg due to the plasticization of water. The only part
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of the wet sample curve that is not clearly resolved is that o f the low temperature side o f 
the Tg transition -  here the deviation from the baseline is obscured by the oscillating 
nature o f the baseline due to the temperature modulation of the instrument. Both the wet 
and dry curves should have a baseline width of about 20° C.
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Figure 6.4: DSC results for PMMA latex in both the dry (curve 1) and the wet (curve 2) states.
We have also attempted to measure the “wet” state Tg for polymers with dry Tg’s below
0° C. For the common acrylic polymers, the dry Tg decreases as the size o f the ester
group (at least in its “normal” isomeric form) increases. This produces more and more
non-polar polymers and results in potential differences between wet and dry state Tg’s
that get smaller and smaller. However we can show such results for the n-butyl acrylic
ester, as displayed in Figure 6.5. Here it is seen that the “wet” thermal transition is very
clearly seen, even though the water in the sample (~ 50% of the total) is in its frozen
state. Although frozen water hardly seems able to plasticize the PBA (albeit only by one
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degree), there must be some water associated with the polymer to make it a bit more 
flexible. In fact, as we have shown in a recent paper [18] it is possible to predict the 
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Figure 6.5: DSC results for PBA latex in both the dry (curve 1) and the wet (curve 2) states. The 
large signal near 0° C is due to the free water in the sample melting during heating. The heating 
cycle was started at -80° C and the thermal signal near that temperature represents the instability
of the instrument as the heating begins.
6.3.5. Application to Composite Latex Particles
Much of our work has been devoted to the study of the morphology o f composite latex
particles, and we have used the DSC to help us understand the degree o f phase separation
between the two polymers in the same particle as a function o f the conditions under
which we make the latex. We have previously reported on the thermal transitions
obtained from the DSC for the dried polymers o f such experiments [24]. Here we extend
our results to polymers in the wet state. Figure 6.6 displays the thermal transitions for a
composite latex system in which the seed latex was P(St-co-BA) with a dry Tg o f 57° C
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(wet state depression of ~ 2 degrees) and a second stage P(MMA-co-MA) copolymer 
with a dry state Tg o f 40° C (depression o f ~ 20 degrees). Curve 1 shows the distinctive 
peaks in the dry condition and curve 2 shows that in the wet condition. Here it is clear 
that the polar second stage polymer has a wet Tg that is depressed by nearly 20° C, while 
that o f the relatively non-polar seed polymer was depressed by only a couple o f degrees. 
We note again that in creating composite latex particles within the reactor it is the wet 
state conditions that control the diffusion o f the polymer chains, affecting both the 
reaction kinetics (as in diffusion controlled polymerization) and the ultimate morphology 
of the particle.
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Figure 6.6: DSC results for a composite latex in both the dry (curve 1) and the wet (curve 2) 
states. The seed (first stage) polymer was P(St-co-BA) and the second stage polymer was
P(MMA-co-MA).
In contrast to the composite polymer system shown in Figure 6.6 where the individual 
wet state Tg’s were more separated than the corresponding dry state Tg’s, the system
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shown in Figure 6.7 demonstrates the opposite effect. Here the seed copolymer was made 
with styrene and hexyl methacrylate (HMA) monomers and resulted in a dry state Tg o f 
31° C. The second stage was P(MMA-co-MA) with a dry Tg o f 51° C. In the wet state it 
is seen that the thermal transitions nearly completely overlap, resulting in a non- 
symmetrical peak. This clearly indicates that there are individual peaks for each polymer 
that create the overall peak, and a peak analysis using the predictive wet Tg methodology 
recently reported by us [18] estimates individual peaks at 33 and 28° C. The former is for 
the polar second stage polymer. Here both polymers were plasticized with an amount o f 
water appropriate to the respective polymers, but they were very different and resulted in 
an overlay o f the individual wet thermal transitions.
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Figure 6.7: DSC results for composite latex in both the dry (curve 1) and the wet (curve 2) states. 




6.3.6. D ealing with Polymers with Wet T g ’s Close to 0° C
As would be expected, and as seen in Figure 6.5, obtaining the wet Tg via the DSC by 
using raw latex or wet polymer sludge for those polymers whose thermal transitions are 
at or close to the freezing point o f water is problematic. We do not know o f a way around 
this problem by using latex in the sample pan. Reluctantly we have resorted to post­
hydration o f dried polymer for such materials. The wet samples were prepared by placing 
a thoroughly dried polymer film in water at room temperature for a period of time, 
withdrawing the film and removing the excess surface water by touching tissue paper to 
the film surfaces, and using this sample in the DSC pan. Using such a rehydration 
method, one always has to be concerned with knowingly achieving a saturated condition 
within the sample and with water “blushing” (whitening). The latter is particularly 
problematic for wet Tg’s in the -10 to +10° C range since the water that causes the 
polymer to blush is in fact “free” water, separate from the water plasticizing the polymer. 
Consequently it will show a large enthalpy of fusion (melting) peak in the DSC during 
the temperature scan and obliterate the much weaker wet Tg transition. Figure 6.8 shows 
some results for poly(methyl acrylate) prepared via emulsion polymerization for which 
we have used this rehydration method. As seen in the figure the dry Tg is 20° C. We note 
here that by using a recent model [18] to predict the wet Tg for a fully hydrated sample to 
be 8° C. The thermal transition for a thin, dry film immersed in water for 5 minutes is 
shown as curve #2 and demonstrates that partial plasticization has occurred with a 
resulting Tg of 12.9° C. It further demonstrates that no “free” water is detected in the 
sample, thus allowing the full Tg transition to be measured. A second sample o f the same 
film was left in the water for 18 minutes and resulted in a wet Tg of 10.6° C as seen in
164
Chapter Six
curve #3. Here we note that the baseline (at temperatures around -10 _C) is not 
particularly good and may be an indication that the sample contains a very small amount 
o f “free” water. Indeed, this sample had a slight whiteness to it as it was withdrawn from 
the water in preparation for measurement. Curve 4 represents the DSC result for a similar 
sample left in the water for several days. It was very white in appearance as it was 
withdrawn from the water and the dCp/dT vs T curve in Figure 6.8, suppressed in scale 
by 100 fold, shows that the weaker Tg signal is completely obscured by the melting 
endotherm. Thus, it appears that it is possible to get close (we can say that it is less than 
some value) to the fully hydrated Tg by using this rehydrationmethod, but it still leaves 
us with an uncertainty as to its actual value.
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Figure 6.8: DSC results for poly(methyl acrylate) in the dry (1) state and in various other states of 
rehydration. Curve 2 is for a partially hydrated sample, and curve 3 is for a nearly fully hydrated 
sample. Curve 4, suppressed on the vertical scale by 100-fold, represents the problem incurred 
when the rehydration process is allowed to progress to the point of water whitening (blushing).
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6.3 .7. Reproducibility o f  Wet T g ’s
In this last section o f  the paper we report on the reproducibility of the thermal transition 
data for polymers in the wet state. In Figure 6.9 we show results for a P(MMA-co-BA) 
latex that was centrifuged to obtain a wet polymer sludge. One of the four samples shown 
in the figure was prepared and measured 6 months prior to the other three samples, all 
from the same acrylic latex. In each case a separate sample o f the polymer sludge was 
used to fill the DSC pan. As can be seen in Figure 6.9, all o f  the transitions are very 
nearly the same with a Tg = 52.8° C +/- 0.4° C. Thus it appears that the presence of the 
water in the sample (both dissolved in the polymer and as interstitial water between the 









Figure 6.9: DSC results for multiple samples of a single P(MMA-co-BA) latex to demonstrate 




It is clear that all polymers produced as water based latices are plasticized to various 
extents as a consequence of the polymerization process itself. Those polymers containing 
carboxyl groups absorb significant amounts o f water, and the acrylics absorb more water 
than their methacrylic counterparts. The DSC is a simple and effective instrument with 
which to measure the water induced depression o f the glass transition at many 
temperatures, even those below the freezing point o f water. The latex itself can be 
directly used as the DSC sample -  better results are obtained at higher latex polymer 
solid contents, and low solid content latices can be simply centrifuged to produce 
acceptable samples at ~ 40-50% solids. The individual glass transitions o f composite 
latex particles in the wet state can be easily measured by this technique^ The information 
contained in these data can be quite different, and even more useful, than that obtained 
from the dry polymer samples. For wet state Tg’s in the -10 to +10° C range one cannot 
use the simple latex but can achieve approximate values by carefully rehydrating dry 
polymer samples.
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Water Whitening of Polymer Films
7.1. Abstract
Water absorption into polymer films has been studied for a long time there is a large body
of knowledge regarding the physical states o f the water in films that have been exposed
to water vapor at various relative humidities. When films are immersed in liquid water,
the absorption process is usually much faster and can lead to a condition known as water
whitening, or blushing. Water borne films seem particularly prone to blushing and there
have been sporadic reports in the literature regarding the details o f this phenomenon.
Quite a number o f patents claiming improvements to blushing resistance have also been
granted. We have made use o f differential scanning calorimetry (DSC) to quantify the
different forms of water present in films that have blushed after immersion in water.
SEM has been used to characterize the whitened sections o f the film. Polymers were
derived from emulsion, solution and bulk polymerization processes so as to study the
same polymers with and without the surfactants and salts used in emulsion
polymerization, as they remain in the water borne films. We have found that all o f  the
polymers we used, from the very non-polar polybutadiene to the very polar
poly(hydroxyethyl acrylate), water whiten under the right conditions o f time and
temperature. Residual surfactants and salts in latex derived films make the blushing
process more rapid and extensive than for the same polymer without them, but they are
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not the principal cause for water whitening. Neither is the particulate nature o f the 
starting point for latex films, as the same whitening process occurs in solvent borne films 
o f the same polymer. Both transmittance results from spectrophotometer measurement 
and SEM images suggest there is water domain growth within the polymeric matrix, 
though the growth o f the water domains can be restricted by the stiffness o f the polymeric 
matrix. The size and number of the water domains are responsible for the visual water 
whitening effect.
7.2. Introduction and background
It has long been known that polymers are plasticized by water, whether they are exposed 
to the water in its liquid or vapor state, and many reports exist for polymers used in the 
textile, food, and coatings industries [1 and references therein]. Beyond plasticization, 
for some systems and under some circumstances, polymer films also whiten, or blush.
Our interest has been piqued by the sequence o f the apparently separate events of 
plasticization and whitening.
While there have been many reports o f blushing of water borne films, especially those 
containing residual surfactants and salts, reports on similar events in bulk polymers and 
solvent borne films are also found. In many o f these the emphasis o f  the paper was on 
water sorption results (usually in water vapor) and comments on whitening were often 
incidental. The papers by Brown [2] and Johnson et al [3,4] are typical o f  the water 
sorption studies in which polymer films were suspended in water vapor at various partial 
pressures and the equilibrium weight gains o f the films were obtained. Weight gain vs. 
partial pressure curves have two distinctly different sections with the second being
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described as “anomalous water uptake” [2]. The characteristics o f the first section can be 
described by Langmuir adsorption isotherms but the latter cannot be so described.
Instead, the second section was analyzed by assuming that a dual site adsorption 
mechanism was at play where the water sorption in the second part o f the data set was 
associated with clusters o f “associated” water molecules in the near vicinity o f 
“unassociated” water molecules that are “bound” to the more polar constituents along the 
polymer chain. The Cluster Integral analysis o f Zimm and Lundberg [5] was often used 
to determine the average number o f water molecules clustered together in the specific 
neighborhood of a bound water molecule, together accounting for the weight gain of the 
polymer at a particular partial pressure. Often the number o f molecules in the cluster was 
calculated to be o f the order of a few molecules, depending on the polarity o f the 
polymer. In addition, such authors also backed out apparent values o f the water-polymer 
Flory-Huggins interaction parameter, x, from their data. As an example, Brown [2] 
obtained x = 3.5 for the poly(methyl methacrylate) [PMMA] -  water pair, suggesting that 
water is indeed a poor solvent for PMMA. Prausnitz and co-workers [6] wrote a 
wonderful paper along these lines by comparing the water sorption characteristics o f four 
polymers with varying polarity and applied the Zimm-Lundberg cluster integral analysis 
as a function of the thermodynamic activity o f the water (partial pressure / pure water 
vapor pressure) up to 0.9. For poly(N-vinyl-2-pyrolidone), PVP, poly(2-hydroxy ethyl 
methacrylate), PHEMA, poly(acrylonitrile), PAN and PMMA they found that while the 
total water sorption was in the descending order PVP > PHEMA »  PAN > PMMA, the 
tendency for water molecule clustering was in the reverse order. The results from these 
collected authors (not meant here to be an exhaustive list) suggests that before any water
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whitening occurs, the water in the polymer already exists in two, distinctly different 
forms, one in very close proximity to a constituent on the polymer chain and the other 
clustered around the first. The first form has often been described as hydrogen bonding 
between water and a polar constituent on the polymer chain (e.g. carbonyl groups in 
methyl methacrylate, ethyl methacrylate, and methyl acrylate [2]; amide groups in nylon 
6,6 [7]; epoxy resin [8]; poly(vinyl acetate), PVAc, [9]). Although there are some 
comments in these papers about the effect o f both forms of water on polymer properties, 
neither form has been associated with film whitening.
Some time ago Johnson and co-workers [3,4] reported two very important features o f 
water absorption into polymers and subsequent whitening. The first was an experiment 
in which molten polyethylene (PE) was saturated with water and then temperature 
quenched. The PE turned white and subsequent evaluation via SEM showed that there 
were “domains” o f 1-3 pm in diameter in the PE. These authors concluded that such 
pockets o f water were formed by the super-saturated water condensing out o f the polymer 
phase during cooling. In additional experiments with polycarbonates (PC) they found no 
water whitening if the PC was submerged in water at temperatures below the glass 
transition temperature (Tg) of the PC, but did notice whitening at the same temperature if 
the MW of the PC was degraded by hydrolysis to ~ 27,000. With the unmodified PC, 
water whitening only occurred at temperatures above the Tg. The latter two data points 
suggest that the apparent “domains” created during water whitening were restrained in 
size by the stiffness of the polymer matrix at the experimental temperature. The other 
important result that these authors produced was to use to DSC to measure the water 
content of the polymer as a function o f water immersion time. Their data for poly( vinyl
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acetate) [PVAc] show the differentiation between the water absorbed as “bound” and 
“clustered” (as in that discussed in the previous paragraph above) and that responsible for 
water whitening. Further, their data clearly demonstrate that the water causing whitening 
is only seen after the plasticizing water (bound and clusters) is at saturation. Thus the 
water whitening process requires two, sequential steps. We note here that none of the 
above studies used water based latices to prepare the polymer samples and that the 
polymers used varied greatly in their polarities.
There are a large number of literature reports on the water sensitivity o f latex derived 
polymer films but only a few of them report on water whitening, even though it was 
likely to have happened in many of the cases reported. We cite a few o f these reports 
here [10-18] without the intent to provide an exhaustive list. For the most part, these 
authors concentrated on the rate at which such films absorbed water under a variety of 
conditions and the extent to which the polymer took on water over periods o f time 
ranging from minutes to several months. Much o f the discussions related to the role o f 
residual surfactants and salts (perhaps from water soluble initiator) in creating domains in 
the dry films in which water could accumulate and account for the majority o f the weight 
gain o f the film. Pursuant to these findings are discussions about the mechanisms o f latex 
film formation, particularly with respect to latex particle deformation and chain diffusion 
across the particle boundaries during the late stages o f film drying. Here there is 
significant discussion about the diffusion of residual surfactant during early to mid-stages 
o f drying and its potential to accumulate in between the individual particles at their 
surfaces and/or in interstitial spaces, or pockets, among otherwise integrated particles. 
When the surfactant is imagined to reside in between particle surfaces, it is thought to
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provide percolation channels through which the water can easily move and penetrate the 
polymer film, accounting for the speed at which some latex derived films take on water.
Among the earliest papers that describe water whitening of latex films are those by 
Wheeler [19], Wilkes [20], Cote [21] and Bindschaedler [22]. These authors primarily 
used PVAc latices containing some poly(vinyl alcohol) [PVOH] and found that the films 
quickly became white and opaque upon immersion in water and even disintegrated 
shortly thereafter. Much or all o f  the blame went to the PVOH surfactant creating 
continuous phases and/or pockets within the films. In a patent by Wood [23] it was 
claimed that by deionizing the latex with mixed bed, ion exchange resins, the blushing of 
acrylic films used for pressure sensitive adhesives (PSA) could be significantly improved, 
again laying the blame for blushing on residual surfactant and salts. However he also 
reported that increasing the pH o f these vinyl acid containing latices to 6-7 made further, 
important improvements. Feng and Winnik [24] found a similar effect o f neutralizing the 
acid, this time for simple poly(butyl methacrylate) [PBMA] latices made with 
methacrylic acid (MAA). In addition they found that when whitened films were 
thoroughly dried at T>Tg, the film regained clarity, only to blush again when re­
immersed in water. A bit later, Bassett [25] reported on the rate and extent o f blushing of 
latex films made from VAc and VeoVa’s (branched vinyl esters). He related the extent 
of whitening to the oxygen content of the copolymer as a quantitative measure o f polarity 
and found a strong, linear correlation between them -  he called this correlation the 
“hydrophilic budget”. In addition he showed that the blushing occurred in the first few 




At the last we turn our attention to two papers that report on SEM observations o f freeze 
fractured surfaces of water whitened latex based films. Agarwal and Farris [26] worked 
with films created from blends o f two acrylic copolymer latices (uncleaned) having 
different Tg’s, one above and one below the water immersion test temperature. The 
extent o f total water uptake depended upon the soft polymer content in the film, but all 
films blushed to some extent. SEM photos of the freeze fractured surfaces showed, much 
like that o f Johnson [3,4] for bulk PE, domains o f several microns in diameter in the 
films. In contrast, Okubo et al [27] worked with polystyrene (PSt) latices made with 8 
mole %  MAA (dry state polymer Tg o f 112° C) and did similar SEM investigations. 
However they separated the P(St-co-MAA) from the serum phase, dissolved the polymer 
in THF and then cast solvent borne films. These films were immersed in water at pH =
13 (via KOH) at room temperature (RT) and at 150° C for one hour. At room 
temperature there was no blushing and at 150° C the film was white and opaque.
Fractured surfaces o f these treated films were observed in the SEM and domains o f 
several microns appeared in the sample treated at 150° C. No domains were found in the 
sample treated at RT. The special significance o f Okubo’s work is that he obtained the 
film from a solvent borne process but used latex derived polymer containing a small 
amount of residual non-ionic (Emulgen 911) surfactant.
As a result o f reviewing the above literature it appears to us that most, if not all, polymers 
will water whiten under certain conditions. Further, there appears to be a sequential 
process of water absorption into polymers that, in the first step, has water bound to 
specific constituents on the polymer chain, then additional water becomes clustered in 
close proximity to the bound water, and finally much larger domains (~ 1 pm) o f water
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are formed in a final act. The purpose of our study has been to apply DSC techniques to 
a variety o f polymer films, both water and solvent borne, in an attempt to quantitatively 
differentiate between the amounts o f water associated with the plasticizing process (the 
combination of the bound and clustered water) and the whitening process. Furthermore 
our goal included an examination o f the mechanism by which the water domains grow 
with time as well as the rate at which whitening increases in a film.
7.3. Experimental Aspects
M aterials
Most materials considered in this work were prepared by us via simple emulsion or 
solution polymerization techniques. We produced latices at 20% polymer solid contents 
and used sodium dodecyl sulfate, SDS, (99%, Acros) as the surfactant (ca. 1% of 
polymer weight), potassium persulfate (99.99%, KPS, Alfa Aesar) as the initiator (ca.
0.1-0.2% of water weight), and bicarbonate o f soda as the buffer (ca. 0. l% of water 
weight) when desired. All o f the polymerization reactions were conducted at 70°C in 250 
mL jacketed, glass reactors. The monomers (styrene, butyl acrylate, methyl methacrylate, 
methyl acrylate, methacrylic acid) were all obtained from Acros were cleaned o f inhibitor 
by passing them through activated alumina columns prior to reaction. When desired, 
finished latices were cleaned by first diluting to 10% solids, then mixing them with 
mixed-bed ion-exchange resins (Aldrich) and stirring them overnight on a shaker table. 
Solution polymerizations were also conducted. Monomers and benzoyl peroxide (97%, 
BPO, Aldrich) as initiator (ca. 0.1% of total weight) were dissolved in tetrahydrofuran 
(HPLC grade, EMD chemicals Inc.) added to glass vials, and kept at 70°C in a water
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bath for 5 hours. Triton X-100 non-ionic surfactant (alkylaryl polyether alcohol) (JT 
Baker) was used as received. A commercial sample o f polyurethane dispersion (PUD, 
NeoRez R967, DSM) is used to prepare the polyurethane film. A commercial sample o f 
poly(methyl acrylate), PMA, dissolved in toluene (Scientific Polymer Products) was also 
used as received.
Film Preparation
Polymer films were prepared by drying latex or solutions slowly in a fume hood at room 
temperature for 1 day, so as to avoid a possible skinning effect. Then films were dried at 
a higher temperature (above their glass transition temperature) in an air circulating oven 
for another day to make sure of good film formation. Sample films were put in a 
desiccator containing DI water vapor at 100% relative humidity or, alternatively, 
immersed directly into liquid DI water. Just before weighing or DSC measurements, 
extra water on the film surfaces was removed with Kimwipes (Kimtech).
Thermal Analysis and Film  Characterization
The instrument used to obtain the thermal transition profiles for the samples described in 
this paper was a TA Instruments Q2000 temperature-modulated DSC. We used an 
overall heating rate of 3 °C/min, amplitude of ±2°C, and a period of 60 s. For the ease of 
visual interpretation o f the glass transition region, the reversing heat capacity signal may 
be differentiated with respect to temperature in order to present the data as peaks. For 
example in Figure 7.1, the top two curves are the usual DSC curves plotted for reversing 
heat capacity vs. temperature. The glass transition region is shown for a dry sample 
(solid line) and a hydroplasticized sample (dotted line) o f the same polymer. The
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derivatives o f the top two curves show the thermal transition regions more dramatically -  
these are the lower two curves. All o f these temperature modulated curves were 









Figure 7.1: DSC reversing Cp vs. temperature plots (upper two curves) and derivatives of those 
curves (lower two curves). Solid line represents a dry sample of P(MMA-co-MA) copolymer, 
and the dotted line represents the hydroplasticized sample.
Scanning Electron M icroscopy (SEM)
Selected polymer films were prepared for SEM evaluation by embedding dry polymer 
films in epoxy resin, cryo-microtoming at - 50° C for a smooth block surface, and sputter 
coating with platinum. These surfaces were viewed in an Amray 3300FE SEM at various 
magnifications.
Ultraviolet-Visible-Near-Infrared Spectrophotometry and color ranking
In order to discuss the degree o f water whitening of the films we prepared, we used a 
spectrophotometer for quantitative record of the blushing process as a function of time.
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The Cary 500 UV/Vis/NIR Spectrophotometer covers the wavelength range o f 3300 nm 
(near infrared or NIR) to 175 nm (ultraviolet or UV) with an accuracy o f 0.1 nm in the 
UV/Vis range and 0.4 nm in the NIR range. For our water-whitening study of polymer 
films, we scanned from lOOnm to lOOOnm at different intervals, with scan rates up to 
2000 nm/min (UV/Vis). Clear strips o f samples films (~0.5mm in thickness) were 
immersed in a glass cuvette filled with water, and the transmittance was recorded as a 
function of time as the film whitened. The spectrophotometer usually outputs absorbance 
values, and they are convertible to transmittance values as absorbance = -log 10 
(transmittance). Another spectrophotometer (Hitachi U-2000) was also used to study the 
transmittance of the film strips at a fixed wavelength (500nm, near the green light that is 
most sensitive to the human eye).
From a visual perspective, we adopted a ranking system for our samples to complement 
the instrumental data. We have chosen a value o f 0 to represent complete transparency, 1 
for “cloudy”, 2 for moderate whitening, 3 for severe whitening, and 4 for complete 
opacity. We judged those values for the films as they were in the water at the temperature 
o f the test. The films shown in Figure 7.2 represent specific examples o f our ranking. 
Others [23, 24, 25, and 28] have chosen to report visual rankings but chose different 
numerical scales to represent the same gradations in degrees o f blushing.
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Figure 7.2: Visual ranking of polymer film showing variable extents of blushing. 0 stands for a 
transparent film through which the black background is visible. From left to right the 
transparency of the film decreases and the background becomes less and less apparent. The 
pictures are computer generated for illustration purposes by changing the transparency in a linear
fashion.
7.4. Results and Discussion
In this discussion we will combine our visual observations with absorbance data from the 
uv-vis spectrophotometer, DSC results and SEM images for the cross section o f  sample 
films. We have observed that all styrene-acrylic films with different Tgs and copolymer 
ratios (e.g. MMA, MA, BA, BMA, 2-EHA, MAA and etc) can turn white after 
immersing in water. The test temperature and time duration o f the test determines the 
degree of whiteness. In general, when the test temperature is below the effective (wet) 
glass transition temperature of the polymer and the sample is glassy during test, the 
whitening will not be noticeable to the eye. If the test temperature is higher than that 
glass transition temperature, whitening will increase with time and become visible. 
Explanations and analysis o f this temperature-time related phenomenon will be described 
later.
7.4.1. UV- Vis spectrophotometer results
As one preliminary example, we show the whitening process o f a polyurethane sample 
film by using spectrophotometer data. A clear polymer film (~0.12mm in thickness) was 
placed in a standard cuvette filled with water. The transmittance (or absorbance) was
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recorded (at 600nm/minute) from 200nm to lOOOnm (in wavelength) every 10 minutes. It 
is clear from Figure 7.3 that the absorbance is very low at the beginning, indicating a 
transparent film. And the test time increased, the absorbance is seen to increase 
dramatically at all different wavelengths. An absorbance value of 1.0 is corresponds to 
90% of the light absorption by the film. The visible light to human eye usually has a 
range from 390 to 750nm, with ~550nm (green light) being most sensitive.
Time = 1440min
Time = Omin
200 300 400 500 600 700 800 900 1000
Wave length (nm)
Figure 7.3: The variation of absorbance/wavelength data for a polyurethane (R967) film in room
temperature water.
The data in Figure 7.3 suggest that there is a relationship between light absorbance at 
each wavelength with the testing time. Therefore, we plotted the absorbance data as a 
function o f time at different wavelengths in Figure 7.4(a). We also converted the 
absorbance value to transmittance (1/10) by transmittance = 10(_1 * absorbance), and we plotted 
the corresponding transmittance data in Figure 7.4(b). Figure 7.4(a) surprisingly indicated 
that the absorbance value increased almost linearly with time at all wavelengths. This is 
consistent with the visual observation that this film turns more and more opaque with 
time in water. For the polyurethane films in water at room temperature, we usually
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noticed a slight change o f transparency visually after 2 or 3 hours; the film would turn 
cloudy (visual ranking of 2) after about 6 hours, and the film would become white (visual 
ranking o f 3 or 4) after 24 hours. The human eye is most sensitive to the green light, and 
so such visual observation of water whitening should be most properly reflected by the 
curve o f 500nm wavelength in Figure 7.4(b).
Another interesting point is that absorbance of the lower wavelength light (i.e. 200- 
500nm) responds very rapidly to the water whitening process. First we not that the 
transmittance of light at 200nm wavelength (Figure 7.4(b)) goes to zero nearly 
immediately. This appears to the film itself and is not a result o f the film whitening. The 
data in 300-500nm wavelength range respond much more slowly. This suggests that the 
entities responsible for absorbing and scattering light have a time variation in these 
domain sizes. Specially, it appears that these scattering center begin as small domains 
(perhaps < 200pm) and grow from there, resulting in light scattering at the higher 
wavelengths at later times. Our visual observation o f the whitening o f the PU film in 
question, as noted above, is that after only 2-3 hours the film begins to noticeably blush. 
Observing the absorbance or transmittance data (Figure 7.4(a) and 4(b)) at that time 
shows clearly that light in the 300-500nm range is already significantly absorbed, but 
light at the 700+nm ranges shows very little absorption. At the end o f the test (24 hours) 
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Figure 7.4 (a): Absorbance/wavelength data as a function of time for a polyurethane(R967) film
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Figure 7.4(b): Transmittance (I/IO)/wavelength data as a function of time for a 
polyurethane(R967) film in room temperature water.
7.4.2. Experimental fac tors affecting fi lm  whitening
We have conducted a series of tests to study the factors that may cause the water- 
whitening of the polymer films, with selected results listed in Table 1. The factors include 
glass transition temperature (Tg), polarity o f the film, residual salt/surfactant in the latex, 
and the nature o f film formation process (solvent or water borne). Table 1 listed the 
transmittance values measured for the polymer films. 10 value represents the initial 
transmittance of the films (usually a high number for a clear film), but the values are
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different for various films (due to the difference in thickness, and the absorption 
coefficient o f the film). II value represents the transmittance value recorded for the same 
sample film after placed in water at room temperature for 12 hours. 12 value represents 
the transmittance value after placing the films in water at 70°C for another 12 hours after 
room temperature immersion. Since the initial transmittance (10) values o f the films are 
different from each other making for difficult comparisons, we normalized the values to 
the percentage change from the 10 values. The values for the theoretical water uptake of 
the films were calculated based on a group contribution method [29], so as to rank the 
polarity o f the films. An example o f this water uptake calculation is shown in Appendix 
D. The characteristics o f the film are also listed such as Tg, composition, and the nature 
o f the film formation (water vs. solvent borne).
The effective Tg of the polymers determines the rigidity o f the material at the test 
temperature. Two kinds o f Tg are listed in in Table 1. The wet Tg is the glass transition 
temperature o f the polymer at its frilly water-plasticized state [29]. We believe this wet 
Tg value is the key parameter because the sample films are all plasticized by water during 
the test. DSC results presented in following section will prove this point.
We found that if the test temperature is below the wet Tg o f the sample, the sample will 
not turn white and remains clear to the eye. As shown in Table 1, sample 6 for example, 
the high Tg film remains clear after placing in water at room temperature for 12 hours, 
with the 10 and II values being very close. When we raise the test temperature to 70°C, 
the film becomes opaque. It is a bit surprising that for this sample the 11 value is lower 
than 10, which means the film becomes “more clear” to the spectrometer after putting in 
water. However, we speculate that this is due to the variance in experimental
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measurement, and it only means the film transparency does not change to a significant 
degree after placing in water at that temperature.
Table 7.1: Transmittance of polymer films at 600nm wavelength.
Sample Materials Tg(°C) Theoretical Transmittance (%) Percentage decrease (%)* Film cast
umber d r y /w e t H 2 0  u p t a k e  {% ) 10 I t 12 (io-nyio (IO -t2 )/lO a s
1 P U D R 9 6 7 -4 0 /-4 2 1 6 .9 -2 3 .4 4 1 ( o ) “ 3 5 (c ) l(x ) 15 9 8 d is p e r s io n
2 P (M A -c o -M A A ) 1 5 /-2 5 .4 8 7 (o ) 3(x) l(x ) 9 7 9 9 In THF
3 P M A  la te x 1 0 /-2 4 .2 36{o) 0{x) 0(x) 1 0 0 1 0 0 la t e x  film
4 C le a n e d  P M A  L a te x 1 0 /-2 4 .2 6 4 (o ) 6 7 (o ) 0(x) -5 1 0 0 la t e x  film
5 P M A in T H F 1 0 / - 2 4 .2 79(0} 10(x) l(x ) 8 7 9 9 In THF
6 P (M M A -c o -M A ) 6 7 /4 8 3 .8 31(0} 3 4 (o ) 0(x) -1 0 1 0 0 In THF
7 P (n -B M A -M A A (5 % )) 4 0 / 2 4 3 .8 7 9 (o ) 7 6 (o ) 3 8 (c ) * 4 52 In THF
8 P (2 -E H A -c o -B M A ) 2 0 /1 3 2 .3 8 5 (o ) 7 5 (o ) 13(c) 12 8 5 In h e x a n e
9 P (B A -S l)  la tex 2 / - 2 1 .7 4 0 (o ) t  5(x) 2(x) 8 8 9 5 la t e x  film
1 0 P (B A -S t) 1 5 /1 1 1 .4 52(0} 3 6 (c ) 28(c) 3 1 4 6 In  THF
1 1 P ( S t- c o -2 - E H A ) 1 5 /1 3 0 .8 6 9 (o ) 6 4 (o ) 5 6 (c ) * 7 19 In to lu e n e
(Io : in itia l t r a n s m i t t a n c e  o f  th e  d r y  s a m p le  film ; 11: a f t e r  in  w a te r  f o r  1 2 h r s  a t  r o o m  t e m p e r a tu r e  ( ~ 2 0 ° C ) ;  U : a f e r  i n  w t a e r  f o r  1 2 h r s  a t  7 Q °C .)
E m p ty  c u v e tte 7 4 (o ) * non-uniform ity  o f w h ite n e ss  o f  th e  film s m ay  In tro d u ce  erro r to  th e  t e s t
k im w ip e  p a p e r(  1 la y e r) 6 (o ) “ v isual o b se rv a tio n s: o = c leer: c-cloudy: x= o p aq u e
k im w ip e  p a p e r(2 la y e rs ) Q .5(o) * * *  v a l u e s  s e r v e  a s  t h e  n o r m a l i z a t i o n  o f  t h e  1 1 .1 2  d a t a
Polarity o f the polymers will determine the water affinity o f sample, and the more polar 
the material is, the more water will be likely to bond to the polymer chains. We consider 
this portion of water to be homogeneously distributed in the polymer film, plasticizing 
the matrix, and lowering the overall refractive index. We can calculate the amount o f the 
homogeneous water based on a group contribution method [Appendix D] as listed in the 
table (second column from left), and the calculated values can be considered as useful 
rankings o f the polarity. We found that in general, the non-polar films turn white slower 
than the polar films, with other conditions being similar (e.g. sample 2, 3 compared to 
sample 9). Furthermore, samples 2, 5, 8, 10, 11 are all solvent bome films and they are 
soft at the test temperature of 70°C. The major difference between the samples is their 
polarities as indicated by the theoretical water uptake values. By plotting the percentage 
decrease o f transmittance value ((I0-I2)/I0) with respect to the samples’ polarity in Figure
7.5, we find that the more polar films decrease in transmittance faster than the less polar 
samples. These are not surprising results, as many researchers have tried to reduce the
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water-whitening of coating materials by lowering the polarity. However, it is noticeable 
that even for very non-polar materials (e.g. sample 8 or 11), the water-whitening process 
still takes place, but in a very slow manner. Therefore, the polarity o f the material is not 
the fundamental cause of the whitening; we observed that polybutadiene films turn white, 
and other researchers noted that polyethylene (melt) turns white in water [3].
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Figure 7.5: The change of transmittance value vs. the theoretical water uptake for a series of 
polymer films (sample 2, 5, 8, 10, 11 in Table 1).
The decrease o f transmittance during water whitening process should relate to the size 
and number o f water domains, and its time dependence further relates to the water 
transportation in the polymer matrix. Polymer polarity (thus water permeability) and 
stiffness o f the matrix should affect the water transportation process. The stiffness o f the 
polymers were very similar for these 5 samples based on the gap between wet Tgs’ and 
the test temperature (70°C), thus the diffusion coefficients o f water in the polymer 
matrixes are likely to be nearly equivalent. Figure 7.5 suggests that it is possible to 
calculate or predict the transmittance value based on the hydrophilicity o f the film, since 
that the first three points distributed in a linear fashion on the plot. It is also speculated 
that if the test time was shorter (i.e. 2 hours instead o f 12 hours) so that the light
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scattering at 600nm wavelength is still sensitive to the water whitening for all five 
samples, the five points might distribute in a similar linear manner. We have shown that 
the transmittance vs. time curve in Figure 7.4(b) appeared linear at the beginning before 
transmittance decreased near zero. Thus the combination of the two sets o f curves 
suggests that the transmittance vs. time curve o f a specific film can be predicted based on 
film polarity (theoretical water uptake). In practice, this might be very valuable in 
modifying the water resistance property o f polymers.
Residual salt, surfactant, and polar end groups from initiator (e.g. -SO4 group from KPS) 
can also bring in polar sites or defects to waterborne polymer films, and may serve as 
initiation site for the formation o f water droplets. It is generally known that latex films 
have a low water resistance compared to their solvent-bome counterparts. Some 
researchers [26, 32] have studied the non-uniform distribution o f surfactant after film 
formation, and suggested the potential usage of polymerizable surfactants to lessen the 
potential for whitening. We used latex based films in our study (e.g. sample 3 in Table 
1), and the latex was also cleaned with an ion-exchange resin to significantly reduce the 
level o f surfactant, and salt (e.g. sample 4 in Table 1). From the data in the table it is 
apparent that the speed of water-whitening is reduced by cleaning the latex, but still not 
eliminated. One may argue that ion-exchange cannot totally remove the polar species. 
Therefore we synthesized P(St-co-2-EHA) in toluene through solution polymerization 
using BPO as initiator (sample 11 in Table 1). In this case we have non-polar polymer, no 
surfactant, non-polar solvent, and non-polar initiator end groups, and surprisingly the film 
can still turn white in water after certain time. Oppositely, we have intentionally added 
surfactant and salt back into a cleaned latex system, and the resultant films turn white
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very fast. In short, we agree that the salt/surfactant will make polymer films more 
susceptible to water whitening, but it seems that the polymer films can always turn white 
in water even without these very polar ingredients.
The nature o f the film formation process is very different for latex and solution polymers. 
Latex film formation takes place by particles deforming together, followed by inter­
diffusion o f polymer chains between the particles. There are possibly more defects 
(voids) formed during the latex film formation process, compared to the solvent-bome 
system. Such defects are very small in size and thus will have large internal pressure if 
water can fill them. We prepared several sample films by solution polymerization as 
listed in Table 1, and also we re-dissolved latex based films into a proper solvent and re­
cast the film. None of the efforts significantly reduced water-whitening, and therefore we 
conclude that the type o f film formation process (water bome or solvent bome) makes no 
difference in the basic mechanism o f the whitening process.
7.4.3. D SC results o f  the water-whitening fi lm
DSC can characterize the impact o f water absorption by measuring the glass transition 
temperature and the amount o f “free” water. The literature related to water whitening o f 
latex based films generally concludes that the blushing is principally due to residual 
surfactants, and it is usual that the latex contains residual salts from the latex recipe (as in 
water soluble initiators) and those will be in the film as well. We put the sample films in 
a 100% humidity desiccators (at room temperature) to slow down the blushing process. 
Figure 7.6 shows a variety o f results for films cast from both cleaned and as-reacted 
(uncleaned) PMA latex. These films were stored in the desiccator for various lengths of
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time and the DSC results plotted in Figure 7.6 show the effect o f water plasticization for 
both types of films. The curves labeled “A” show a significant lowering o f the Tg but no 
measurable “free” water for whitening for a time up to 20 hours. The cleaned film at 20 
hours of exposure had a visual rating o f 0 and is transparent to the eye. In contrast, the 
as-reacted latex films, curves labeled “B”, show dramatic differences in the extent o f 
blushing. The same type of hydroplasticization occurs prior to whitening, but the ice 
melting signals vary from minor at the start o f blushing (i.e. film B 230min) to very 
significant for the 20 hour sample. The latter sample had a visual rating o f 4 indicating 
that the film was opaque. Clearly the residual surfactant and salt made a very large 
difference in the extent o f whitening. We note here that the cleaned latex films will turn 
white if it is left exposed to water vapor for a long enough period.
PMA dry film A 
PMA dry film a  
PMA wet film A 100min 
PMA wet 19m B 10Gmin 
PMA wet film A 230min 
PMA wet film B 230min 
PMA wet film A 1200min 
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Figure 7.6: DSC transitions for PMA films cast from cleaned (curves A) and from the as-reacted 
(curves B) latex. Films were exposed to water vapor at 100% RH for various times.
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The above results indicate there are at least two states o f water existing in a water- 
whitened film. One is the homogeneously distributed water which will plasticize the 
polymer and lower the effective Tg, but will not form ice below zero degrees. The other 
state o f water appears to be heterogeneously distributed in the film as water-droplets. The 
droplets scatter light and make the film appear white. Such heterogeneous water can form 
ice when the temperature drops below zero degrees (i.e. during DSC measurement).
7.4.4. Quantification o f  the different states o f  water by D SC
We can quantify both states o f water in a single test. Hereby the result is from a film o f 
our cleaned latex of P(MMA-co-MA) with a dry state Tg o f 62° C. When we immersed 
this film in water at RT for 50 hours, we found that the film did not turn white (rating o f 
0) yet the wet state Tg decreased to 45° C as expected from our earlier studies on the 
plasticization model for polymers [29]. But when we increased the immersion 
temperature to 65° C, only a few degrees above the glass transition point, the film turned 
opaque after 20 hours, with a rating o f 4. It is instructive to analyze the DSC data 
obtained for this film immersed at 65° C as depicted in Figure 7.7. We plotted the 
reversing Cp vs. temperature so that the ice melting endotherm can be seen on the same 
plot as the glass transition. The amount o f water uptake responsible for lowering the Tg 
from 62 to 45° C is calculated [29] to be 3.7% of the polymer weight based on Fox 
equation. The integration of the heterogeneous water peak in the DSC (heat capacity vs. 
temperature plots produce more accurate result) yields another 2.8% o f water in the 
heterogeneous state, totaling 6.5%. We also weighed the dry and wet film before and 
after the immersion and found that the film took on 6.5% water. This complete 
agreement in gravimetric and thermal analysis derived weight gains is not confined to
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this experiment as it was achieved for others as well. The importance o f these results is 
that one can quantitatively differentiate between the water responsible for plasticization 
and that responsible for whitening in a single DSC test.
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Figure 7.7: DCS transitions for a cleaned latex film of P(MMA-co-MA) with a dry state Tg of 62° 
C. The film was immersed in water at 65° C for 20 hours.
7.4.5. SE M  Evaluation o f  Water W hitened Films
Films for these test were prepared from another P(MMA-co-MA) cleaned latex. The dry 
polymer Tg was 55° C. Separate films were immersed in water at RT and at 70° C for 20 
hours. As expected the film immersed at RT remained clear and the one at 70° C became 
opaque (rating of 4). The DSC curves for the initial, dry film and for both hydrated films 
are shown in Figure 7.8 where it is clear that the film immersed at RT has been 
substantially plasticized by water. Both films were then removed from the water and 
dried at RT in a fume hood until the film weights returned to their pre-immersion values. 
The film that was immersed at the higher temperature remained opaque during the drying 
period. Both of the dried films were embedded in epoxy resin and the resin was cured at 
room temperature into a hard block. These embedded samples were then cyro-
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microtomed at - 50° C to provide smooth surfaces, and then coated with platinum prior to 
SEM observations. Figure 7.9 shows the surface of the P(MMA-co-MA) film that was 
subjected to water at RT and it is obvious that the surface is free from any defect. Figure 
7.10 shows the microtomed surface o f the film immersed at 70° C. In Figure 7.10 (a) one 
can see the epoxy-acrylic interface and that there are “domains” within the acrylic 
polymer near the edge o f the embedded film. There are only a few small “domains” in 
the center o f the acrylic film. Figure 7.10 (b) shows the “domains” at greater 
magnification and one can see that sizes o f the cavities are on the order o f several 
microns, just as those reported by Johnson [4], Agarwal [26] and Okubo [27] for very 
different polymers. Figures 9 and 10 offer great visual evidence that the whitening we 
see by eye is related to domains o f  water that have formed within the film during water 
contact, and that for water bome films containing little, if any, residual surfactants or 
salts, water domains are formed and account for the blushing o f the film, even when the 
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Figure 7.8: DSC thermal transitions for cleaned P(MMA-co-MA) latex films in both RT and 70°
C water.
Figure 7.9: SEM photo of the microtomed surface of a P(MMA-co-MA) film cast from cleaned 




Figure 7.10: SEM photo of the microtomed surface of a P(MMA-co-MA) film cast from cleaned 
latex after immersion in water at 70° C for 20 hours.
We have another set of SEM images based on a solvent (THF) bome P(MMA-co-MA 
3:2) sample with a dry Tg o f 67°C. This particular sample film has residual solvent holes 
in the film resulting from a fast drying condition, and the dry film looked a bit cloudy to 
the eye (ranking of 1). The size o f solvent domains is around 1 micron as shown in Figure 
7.11.




Figure 7.11: Cross section of a P(MMA-co-MA) film prior to water immersion. Magnification of
the image on the left: 50x. Right 2000x.
We placed this polymer film in water at different temperatures for the same amount o f 
time, so as to study the temperature dependence. First, we found that the size o f the 
solvent holes (~lpm) observed in Figure 7.11 does not increase with time at room 
temperature (Top, first image from the left in Figure 7.12), due to the high rigidity of the
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matrix (wet Tg o f 48°C). Also for the high rigidity, the size and number density o f the 
small domains does not appear different from that before water immersion in Figure 7.11. 
This is in agreement with early observation that the rigid polymer film will not turn white 
after water immersion (sample 6 in Table 1) and also the SEM image in Figure 7.9.
Second, iri Figure 7.12(b) the small domains (solvent holes) are still visible with a similar 
size and distribution as Figure 7.12(a). But after water immersion at 40°C, big water 
domains (~15pm) appear in the polymer matrix. With enough difference in the refractive 
index (1.33 for water and 1.49 for acrylic polymers), water domains o f such size can 
scatter visible light significantly. Also, 40°C is also just within the glass transition region 
(Figure 7.13 (a)) o f the polymer, where the rigidity decreases quickly and the viscous 
feature o f polymeric materials begins to become apparent. At higher temperatures (60°C, 
70 °C, and 80°C) the size and number density o f  the big domains increase, as seen in 
Figure 7.12(c, d, e, and f) and plotted in Figure 7.13(b). It is logical to think that the 
domains can grow bigger and faster at higher temperatures. Restrictions on the domain 
growth are the stiffness (or sheer modulus) o f the matrix and the rate o f water diffusion in 
the polymer. At high temperature, the stiffness decreases and the water diffusion will be 
faster in the polymer.
Very interestingly in Figure 7.12, a series o f small domains (<10pm) still co-exist with 
the much larger domains, and they are very similar to the initial pattern o f the solvent 
holes in Figure 7.11.This suggests the solvent hole may not change to a significant degree 
during water immersion at different temperatures. But the appearance and growth of the 
big domains mainly contributes to the water whitening process.
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We also held the test at the same temperature for different periods of time (Figure 7.12, e, 
f, g, and h), and we recorded the time dependence of the sizes o f the domains at 70°C. It 
is obvious that the sizes o f the big domains increase with time. Figure 7.13(c) plotted the 
time dependence o f the size of the big domains. The size values are measured from the 
average o f a few biggest domains in the images, because the biggest dimension represents 
the real domain diameter most properly from a cross-section picture.
It is noticeable that in several images in Figure 7.12 (i.e. f, g, h), some small domains that 
are close to big water domains look distorted from their original circular shape. We 
believe that this is evidence of the water domains growing larger by pushing away the 
matrix around them. For example in Figure 7.12(f), the red arrow marks one small 
domain adjacent to a big domain, and the shape of the small domain is elliptical. It is also 
apparent that the original spherical shape o f the small domains is distorted even more 
significantly when they are closer to the big domains. When the small domains are far 
away, the spherical shape seems to be unchanged.
(a) At room temperature for 12 hours (b) At 40°C for 2 days




(e) At 70°C for 12 hours (f) At 70°C for 2 days
(g) At 70°C for 6 days (h) At 70°C for 10 days
Figure 7.12 (c-h): SEM images of the P(MMA-co-MA) film sample at various temperature-time 








Figure 7.13 (a): A schematic of the glass transition region of P(MMA-co-MA) film with a wet Tg
= 48°C.
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Figure 7.13 (b) and (c): A summary of particle size as measured from the SEM images above (as
in Figure 7.12).
The distorted shape indicates that there is a stress filed around the big domain, and that 
the stress is a function o f radial distance. We have been able to approximately 
calculate/predict the distorted shapes o f the domains based on Eshelby’s solution for the 
stress filed surrounding a growing bubble (dilation center) in elastic materials [33]. 
Equation 1 (below) describes the internal pressure within the curved surface o f a 
spherical domain, where y is the surface tension between polymer matrix and water, and 
Ro is the radius o f the big domain. Assuming the polymer matrix is homogeneous and 
elastic, equation 2 describes the displacement (u(R)) o f a point away from the center o f 
the big domain (dilation center), as shown in Figure 7.14. R is the distance from the 
center to the point (A), and G is the shear modulus o f the matrix. The displacement at any
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given point within the matrix can be calculated by combining the two equations. Ro and R 
values can be measured directly from the SEM images, and the only unknown values are 
the modulus, G. The surface tension, y, is assigned a value o f 18mN/m [34] in the 
calculation.
P = 2 x y /Ro. Equation 1.
u(R) = P Ro3/(4GR2) . Equation 2.
' \  R
i i\ p ~ . /
Figure 7.14: A scheme of a point (A) affected by a dilation center of radius Ro- 
We calculated the distorted shape of three small domains (~lpm  in diameter) as affected
by the pressure from a big domain (~16pm in diameter). Considering that the small
domains were circular at beginning (blue circles), in Figure 7.15 we calculated the new
position (R+u(R)) o f every point on the blue circle based on the equations above, and the
red circle is obtained as the new shape and position. The only unknown value in the
equations is G. This was back-calculated to fit the aspect ratio of 4 for the domain #1, as
measured from the image in Figure 7.15. Then using the same value of G, we calculated
the new shape (red circles) for domains #2 and #3. The calculated aspect ratios are 2.43
for #2 and 1.60 for #3, which are very close to the measured values (2.3 for #2 and 1.6
for #3) from the image. The further the small domain is away from the dilation center
(big domain), the less deformation will happen to its shape.
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Figure 7.15: Calculations of shape deformation of small domains from one SEM image (second
from bottom left of Figure 7.12).
The main deficiency of the current calculation is that the fitted modulus value (G) is too 
small (a few kilopascals) compared to that o f a real acrylic material (Appendix D). We 
think this mainly relates to our assumption that the matrix is elastic without considering 
the visco-elastic property o f polymer materials. However, the fitted value of G can 
closely predict the shape deformation o f the rest o f small domains (#2 and 3). This 
indicates that the displacement vs. distance (R) relationship (eq.2) we applied is suitable 
for this case, and the growth of water-whitening droplets does seem to happen by pushing 
away the matrix material as it expands. The driving force for the expansion is the internal 
pressure o f the water in the water domain.
In general as we found that the water-whitening process can be divided into four stages, 
from a series of tests combining DSC, visual observation, and SEM results. At the 
beginning, dry sample films are clear. The DSC can measure the dry Tg, and the cross­
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section of the films are smooth under SEM; after placing the films in water for a short 
time, the films remain clear but the DSC result shows a decrease of Tg as in Figure 7.6. 
At this stage, water molecules have diffused into the polymer matrix and are 
homogeneously distributed in the film, thus plasticizing the material. This portion of 
water will not form ice at subzero temperatures but it can lower the Tg o f the polymer 
matrix. The film remains clear to the eye. At stage 3 when the homogeneously distributed 
water reaches (local) maximum, ‘new’ water starts to form small droplets and water 
exists in a heterogeneous state. Such small water droplets have a different refractive 
index from the matrix, and they scatter light o f short wavelengths. The droplets then tend 
to grow bigger due to high internal pressure
(APressure=2xsurface_tension/radius_of_droplet). At early stages only short wavelength 
light is scattered, but later on light o f longer wavelengths will be scattered as the droplet 
grows. The films begin to look cloudy to the eye when the visible light is scattered by the 
film. DSC results for such semi-cloudy films usually show a small ice melting peak at 
zero degrees for the heterogeneous water. At the last stage the small water droplet will 
have grown much larger in size and possibly more in number, and the films turn whiter to 
the eye. DSC results for such films will show the ice-melting transition becoming more 
significant, but the measured glass transition temperature will not become lower than the 
‘wet’ Tg value.
In closing we revisit the question o f what the driving force is that leads to the water 
whitening. We and others [4] have shown via the DSC that as more heterogeneous water 
comes into the film, the amount o f water plasticizing the film remains constant. It seems 
there is a continuous driving force leading water into the polymer film, and it results in at
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least two states o f water existing in the film, one plasticizing the film and the other 
causing water whitening. Researchers [30, 31] have reported that there are different 
bonding states of water with polymer, and the different bonding energy leads to 
measurable water transitions with temperature. We speculate that the inherent driving 
force for water whitening in polymer films is related such bonding. The homogeneous 
water is most strongly bonded to the polymer chains and cannot freeze at zero degrees. 
Then there is a weaker bond attracting more water but in a slower manner and forming 
the heterogeneous small water domains. After the appearance o f the small water domains, 
they will tend to grow bigger due to high internal water pressure. Polymer polarity and 
film defects facilitate this process. The resistance to this process is the stiffness o f the 
matrix. We have shown that water can always diffuse into the polymer film even when 
the polymer is glassy at the test temperature. The diffusion rate should be slow in the case 
of glassy polymers. However, the growth of the water domains will be quite hindered if 
the matrix is rigid; therefore water whitening is not visible to the eye. We have also 
observed that an highly crosslinked epoxy film does not turn white even at temperatures 
20 degrees higher than its Tg, and we think it is the high modulus of the crosslinked 
matrix that limits the growth of water domains to sizes smaller than those that can scatter 
visible light.
7.5. Conclusions and future work.
The most important conclusion drawn from our studies is that all of the polymers tested, 
as derived from latex, solution or bulk polymerizations, water whiten to significant 
extents under the right conditions o f time and temperature. Blushing is the result of 
pockets of water that form after the polymer is fully hydroplasticized, and the DSC is a
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simple, yet effective, tool to quantify those different states o f water in the polymer. 
Blushing does not happen when the bulk modulus of the polymer is so high that it does 
not allow the water to form large enough pockets of water to produce enough light 
scattering that we can see. When extensive blushing occurs, the water pockets are several 
microns in size as judged by us, and others, by SEM. While it is true that latex derived 
films that contain residual surfactant and salts blush easily and extensively, these same 
polymers also blush when the surfactants and salts are removed before film formation or 
are never there in the first place (as in bulk or solution polymerized samples). While the 
particulate nature o f latex derived films can be responsible for enhanced rates o f water 
penetration into water bome films, by itself it is not responsible for water whitening of 
the film.
When the test temperature approaches the effective glass transition temperature (wet Tg) 
of the polymer matrix, the stiffness (modulus) decreases very quickly. For example in 
Figure 7.16, the modulus decreases 3 orders o f magnitude during the glass transition. The 
size o f water domains can grow larger and more easily in a soft matrix. Therefore, it is 
expected that when the test temperature is around 40°C (at the start o f glass transition) for 
the sample in Figure 7.12(b), the size of water domains should be much smaller than that 
at 60°C (end of glass transition) in Figure 7.12(c). However, it is surprising to see that 
they both contain the similar sized water domains as summarized in Figure 7.13(b). The 
particular reasons are not entirely clear at this stage, but the nature o f the polymer film 
may account for it. This was a batch copolymerized film in THF, and there was an 
apparent broad (width > 30°C) glass transition profile likely due to composition drift 
during polymerization as indicated by the blue curve in Figure 7.17. The red curve in
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Figure 7.17 shows the calculated wet Tg o f the sample. Judging from the blue curve, the 
polymer should still be glassy at 40°C with high stiffness. But it is apparent that 40°C is 
well within the glass transition range judging from the red curve. Thus it may be 
reasonable to have the water whitening behavior we observed. Future work needs to use a 
few more polymer films for a similar domain size study, and the effect o f the stiffness 
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Appendix A
E x p e r im e n ta l  a n d  q u a n t i f i c a t io n  r e s u l t s  f o r  th e  p o ly m e r - p o ly m e r
p h a s e  s e p a ra t io n  s tu d y  ( in  C h a p te r  T h re e ) .
209
Non-Polar P(St-co-HMA) Seed
Reaction Temp. 70°C 90°C 70°C 70°C 70°C 70°C
Polar Growth N PS eed l N PS eedl NPSeed2 NP Seed 3 NP Seed 4 NP Seed 5
MMA/MA Feed Time 180nm,80°C WetTg 180 nm, 80°CWet Tg 180nm,60°C WetTg 180nm,40°C WetTg 90nm,60°C WetTg 90nm,40°C WetTg
94.2°C W et Tg .5 hr RC1-08 (45.796) BJ2-78 (87.1%) SMT1-09 (83.5%) BJ2-69 (51.9%) BJ2-62 (72.4%) BJ2-64 (64.2%)
2 hr RC1-07 (22.9%) SMT1-07 (85.3%) SMT1-08 (82.0%) BJ2-74 (60.6%) BJ2-76 (68.2%) SMT1-06 (67.4%)
0.1 wt % t-dm .5 hr RC 1-21 (47.4%)
2 hr RC 1-22 (26.8%)
60°C WetTg .5 hr RC 1-23 (*)
2 hr RCl-24(*)
20°C W et Tg .5 hr
2 hr RC1-25 (24.2%)
0°C WetTg .5 hr
2 hr RC1-15 (26.0%) RC 1-09 (25.4%)
1.0wt% t-dm .5 hr
2 hr RC 1-16(27.6%)
Polar P(MMA-co-MA) Seed
Reaction Temp. 70°C
Non-Polar Growth PSeed 2
STY/HMA Feed Time 180nmJ60°C WetTg
94°C WetTg
2 hr
4 hr RC1-37 (27.096)
20°C WetTg
2 hr RC1-40 (*)
4 hr RC1-38 (*)
Gel, non-polar P(St-co-HMA) Seed
Reaction Temp. 70°C
Polar Growth NP Seed 2
MMA/MA Feed Time 180nm,60°C WetTg
94.2"C WetTg
.5 hr .
2 hr RC1-33 (28.796)
30°C WetTg
.5 hr
2 hr RC1-41 (31.496)
20°C WetTg
.5 hr
2 hr RC1-32(*J ;
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An example of the experimental recipe and process for creating a Non-polar P(St-co-HMA) seed latex: 
Step 1. Prepare a pre-seed latex
Exp # (DTD3-05), Recipe: Final particle size o f volume average (Nanotrack): 60.6nm.
DI water: 152.80 gram
Sodium dodecyl sulfate (SDS): 1.68 gram
Potassium Persulfate (KPS): 0.59 gram
Styrene (St) monomer: 33.90 gram
Hexyl methacrylate (HMA) monomer: 31.04 gram
Water, SDS, KPS, and 10% of the monomer mixture are initially in the reactor (250ml), mixing and 
reacting at 70°C water bath under nitrogen flux for 0.5 hour.
The rest (90%) of the monomer mixture is feed by an external pump over following 6 hours.
The reaction is held for another 2 hours for completion o f the reaction.
Step 2. Growth of the small seed latex to the desired particle size.
Exp # (DTD3-08), Recipe: Final particle size of volume average (Nanotrack): 170nm.
DI water: 600.00 gram
Seed latex (DTD3-05): 35.50 gram
SDS 1:0.48 gram, SDS 2: 0.48 gram, SDS 3: 0.48 gram
Potassium Persulfate (KPS): 1.70 gram
Styrene (St) monomer: 136.40 gram
Hexyl methacrylate (HMA) monomer: 124.90 gram
Water, SDS 1, KPS, and seed latex are initially in the reactor (1 L), mixing at 70°C water bath under 
nitrogen flux.
The monomer mixture is feed by an external pump over a period of 6 hours. Add SDS 2 at 2 hour of the 
monomer feed. Add SDS 3 at 4 hour of the monomer feed.
The reaction is held for another 2 hours for completion of the reaction.
Step 3. Repeat of Step 2 if  needed (further growth).
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An example of the experimental recipe and process for creating a polar P(MMA-co-MA) seed latex: 
Step 1. Prepare a pre-seed latex
Exp # (RC1-34), Recipe: Final particle size o f volume average (Nanotrack): 60 nm.
DI water: 155.18 gram
Sodium dodecyl sulfate (SDS): 0.44 gram
Potassium Persulfate (KPS): 0.44 gram
Methyl acrylate (MA) monomer: 12.65 gram
Methyl methacrylate (MMA) monomer: 31.32 gram
Water, SDS, KPS, and 10% of the monomer mixture are initially in the reactor (250ml), mixing and 
reacting at 70°C water bath under nitrogen flux for 0.5 hour.
The rest (90%) of the monomer mixture is feed by an external pump over following 2 hours.
The reaction is held for another 2 hours for completion of the reaction.
Step 2. Growth of the small seed latex to the desired particle size.
Exp # (RC1-35), Recipe:
DI water: 616.74 gram
Seed latex (RC 1 -34): 25.70 gram
SDS 1: 0.38 gram, SDS 2: 0.38 gram, SDS 3: 0.38 gram, SDS 4: 0.38 gram 
Potassium Persulfate (KPS): 1.54 gram 
Methyl acrylate (MA) monomer: 44.43 gram 
Methyl methacrylate (MMA) monomer: 110.11 gram
Water, SDS 1, KPS, and seed latex are initially in the reactor (1 L), mixing at 70°C water bath under 
nitrogen flux.
The monomer mixture is feed by an external pump over a period o f 3 hours. Add SDS 2 at 25% of the 
monomer feed. Add SDS 3 at 50% of the monomer feed. Add SDS 4 at 75% of the monomer feed.
The reaction is held for another 2 hours for completion of the reaction.
Final particle size of volume average (Nanotrack): 169nm.
Step 3. Repeat of Step 2 if needed (further growth).
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Experiment: BJ2-74. P(St-co-HMA 52:48)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR)=1.
Conversion of second stage monomers during reaction DSC Quantification plots
Conversion vs time
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Experiment: BJ2-76. P(St-co-HMA 69:31)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR) =1.
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Experiment: RC1-07. P(St-co-HMA 84:16)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR) =1.
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Experiment: RC1-09. P(St-co-HMA 69:31)/P(MA) reaction with KPS as initiator. Stage ratio
(SR) =1.
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Experiment: RC1-15. P(St-co-HMA 69:31)/P(MA) reaction with KPS as initiator. Stage ratio
(SR) =1.
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Experiment: RC1-24. P(St-co-HMA 69:3 l)/P(MMA-co-MA 71:29) reaction with KPS as
initiator. Stage ratio (SR) =1.
Conversion of second stage monomers during reaction
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Experiment: RC1-25 P(St-co-HMA 69:3 l)/P(MMA-co-MA 29:71) reaction with KPS as initiator.
Stage ratio (SR) =1.
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Experiment: RC1-32. P(St-co-HMA 69:31)/P(MMA-co-MA 29:71) reaction with KPS as
initiator. Stage ratio (SR) =1.
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Experiment: RC1-33. P(St-co-HMA 69:31)/P(MMA) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
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Experiment: RC1-37. P(MMA-co-MA 71:29)/P(St-co-HMA 94:6) reaction with KPS as initiator.
Stage ratio (SR) =1.
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Experiment: RC1-38. P(MMA-co-MA 71:29)/P(St-co-BA 33:67) hybrid reaction with KPS as
initiator. Stage ratio (SR.) =1.
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Experiment: RC1-41. P(St-co-HMA 69:31)/P(MMA-co-MA 41:59) hybrid reaction with KPS as
initiator. Stage ratio (SR) =1.
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Experiment: SMT-08. P P(St-co-HMA 69:31)/P(MMA) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
Conversion o f  second stage monomers during reaction DSC Quantification plots
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Experiment: SMT1-07. P(St-co-HMA 84:16)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR) =1.
Conversion o f  second stage monomers during reaction
Conversion vs time
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Mass D i s t r i b u t i o n  i n  A n a ly z e d  Sample 
s e e d  Wt F. % Mass F.
0 - 9 7 5 0
0 . 9 2 5 0
0 . 8 7 5 7 . 6 9 5
0 . 8 2 5 1 0 . 4  6
0 . 7 7 5 8 . 6 6 8
0 . 7 2 5 7 . 4 0 1
0 .  6 7 5 6 . 4 5 7
0 . 6 2 5 5 . 7 2 8
0 . 5 7 5 5 . 1 4 7
0 . 5 2 5 4 .  6 7 6
0 . 4 7 5 4  . 2 8 8
0 . 4 2 5 3 . 9 6 7
0 . 3 7 5 3 . 7 0 4
0 . 3 2 5 3 . 4 9 8
0 . 2 7 5 3 . 3 5 4
0 . 2 2 5 3 . 2 5 1
0 . 1 7 5 3 . 3 5 3
0 . 1 2 5 3 .  6 5 7
0 . 0 7 5 4 . 6 1 7
0 . 0 2 5 1 0 . 0 4
The mass 







Experiment: RC1-08. P(St-co-HMA 84:16)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR)=1.
Conversion o f  second stage monomers during reaction D SC  Quantification plots
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0 . 9 2 5 1 1 . 2 9
0 . 8 7 5 7 . 0 9 6
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0 .  6 2 5 2 . 5 5 8
0 . 5 7 5 2 . 2 9 7
0 . 5 2 5 2 . 1 0 2
0 .  4 7 5 1 . 9 6
0 .  4 2 5 1 . 8 6 2
0 . 3 7 5 1 . 3 0 5
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0 . 2 7 5 1 . 8 3
0 . 2 2 5 1 . 9 4 4
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Experiment: RC1-21. P(St-co-HMA 84:16)/P(MMA with 0.1 wt% t-dm) reaction with KPS as
initiator. Stage ratio (SR) =1.
Conversion o f  second stage monomers during reaction
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0 . 2 7 5 2 . 7 5 2
C . 2 2 5 3 . 1 2 7
0 . 1 7 5 3 . 7 3 6
C . 1 2 5 4 . 8 3 8
0 . 0 7 5 7 . 3 3 2
0 . 0 2 5 1 9 . 1 8
The m ass 






Experiment: RC1-22. P(St-co-HMA 84:16)/P(MMA with 0. lwt% t-dm) reaction with KPS as
initiator. Stage ratio (SR) =1.
Conversion o f  second stage monomers during reaction DSC Quantification plots
C o n v e r s i o n  v s  t i m e
c01 0.6
I  0.4
—  fraction monom er fed 
h e -  f ractional conversion
0.2
100 150 250 30050 2000
time (min)
Monomer concentration in particles during reaction






























. . . U .
-  A nn e a l e d  S
-  Ana lyz ed  S
0 0 1 0.2 0 3 0 4 OS 0 6 0.7 0.8 0.9 1
cumulat ive m a s s
+  Ann e al ed  S  
O  An aly zed  S
0.2 0.4 0.6
s e e d  wt. f ract ion
time (min)
DSC plot M ass D i s t r i b u t i o n  i n  A n a ly z e d  Sam ple
s e e d  Wt F.
■o.o»
% M a s s  F .
0 . 9 7 5 3 5 . 2 3
0 . 9 2 5 2 . 2 9 7
0 . 8 7 5 1 .  6 9 1
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0 . 6 7 5 1 . 1 9 5
0 . 6 2 5 1 .  1 8 6
0 . 5 7 5 1 .  1 9 9
0 . 5 2 5 1 . 2 3 3
0 . 4 7 5 1 . 2 8 9
0 . 4 2 5 1 . 3 7
0 . 3 7 5 1 .  4 8 3
0 . 3 2 5 1 .  6 4 2
0 . 2 7 5 1 . 8 6 7
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0 . 1 2 5 3 .  7 3 4
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Experiment: BJ2-78. P(St-co-HMA 84:16)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR) — 1.
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Experiment: SMT1-09. P(St-co-HMA 69:31)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR) =1.
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Experiment: BJ2-69. P(St-co-HMA 52:48)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR)=1.
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Experiment: BJ2-62. P(St-co-HMA 69:31)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR)=1.
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Experiment: BJ2-64. P(St-co-HMA 52:48)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR) =1.
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Experiment: SMT1-06. P(St-co-HMA 52:48)/P(MMA) reaction with KPS as initiator. Stage ratio
(SR)=1.
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Experiment: RC1-23. P(St-co-HMA 69:3l)/P(MMA-co-MA 71:29) reaction with KPS as
initiator. Stage ratio (SR) =1.
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Appendix A
Experiment: RC1-16. P(St-co-HMA 69:31)/P(MA with lwt% t-dm) reaction with KPS as
initiator. Stage ratio (SR) =1.
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0 . 6 7 5 0 . 9 2 7 1
0 . 6 2 5 0 . 9 1 7 2
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Experiment: RC1-40. P(MMA-co-MA 71:29)/P(St-co-HMA 33:67) reaction with KPS as
initiator. Stage ratio (SR) =1.
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Appendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =80°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 0.5 hour monomer feed time.
o f  H araser add-td
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Appendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =80°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 2 hour monomer feed time.
1Fr-act t a n  o f  T o ta l  N r - n o s a d d 4 d  C o n v * rs  Ion  Monomer C o n c e n t r a t i o n  I n  p a r t i c l e s
o.e
o.s
0 20 40 SO BO 100 120 U0 ISO 1E0 200 220 240
M in u te s
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Appendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =80°C), Polar P(MMA)










Rmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =80°C), Polar P(MMA)
second stage. Reaction temperature =80°C. 2 hour monomer feed time.
F ra c t io n  o f  T o ta l Kcno.T.&r add«»j 
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Appendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =60°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 0.5 hour monomer feed time.
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Appendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =60°C), Polar P(MMA)
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Appendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =40°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 0.5 hour monomer feed time.
F ra c tio n  o t T o ta l hr-rivT-ar add&J 
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A ppendix A
Kmorph simulation ofNon-polar P(St-co-BA) 180nm seed (wet Tg =40°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 2 hour monomer feed time.
F ra c t io n  o f  t o t a l  Mi-ntrwr a'icted 







C hain  P o s i t io n s :  sh ad e  by d i s t a n c e ,  p a r t i c l e  1
247
Appendix A
Kmorph simulation o f  Non-polar P(St-co-BA) 90nm seed (wet Tg =60°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 0.5 hour monomer feed time.










Kmorph simulation o f  Non-polar P(St-co-BA) 90nm seed (wet Tg =60°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 2 hour monomer feed time.
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A ppendix A
Kmorph simulation o f  Non-polar P(St-co-BA) 90nm seed (wet Tg =40°C), Polar P(MMA)
second stage. Reaction temperature =70°C. 0.5 hour monomer feed time.
F ra c tio n  o f  T o : l  Vonoaair Aidad 
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Appendix A
Kmorph simulation o f  Non-polar P(St-co-BA) 90nm seed (wet Tg =40°C), Polar P(MMA)
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%Require matlab® 7.12.0(R201 la)
% start of the code------------------------------------------------
clc;
clear all;
% try to simulate SD phase distribution by Cahn-Hilliard theory 
% by Bo Jiang, 7-10-2012
% to study the effect of changing stage ratios in the current model
% define matrix dimention (M x N), assume square plot 
M=128; N=128;
error=0; %initialization of the 'error' accumulated during...
% the calculation 
weightratio=0.8;
% assume values in CP represents seed stage polymer volume fraction 
i=l; %initialize a counter for plotting the pictures in the end
tt=[l00,400,600,800,1200,1400,1500,1800,2400,3000,3800,4500];





% begin to use C-H equation 
% define parameters
kB = 1.38e-23; % Boltzmann constant unit: J/K 
T = 273; % temperature Unit: K
D = 5e-2; % diffusion coefficient Unit: nmA2/sec
chi = 1; % Chi parameter in Flory-Huggins eq.
gama = 0.05; % interfacial tention term in C-H eq.
Mwl = 2; % number of repeat units in polymer chain.
Mw2 = 3;
%  movie control—
tmax=6000; % define maximum steps of calculation
jj= l; % for movie frames initiation 
n=100; % number of steps
f_update=round(tmax/(n-l)); % frame update every xx time steps 
% — ..............................................
time=215:(tmax+215); % value 215 try to adjust the initial...























68 % - ...............
69 % define time zero, assume time step increase = 1 (sec)
70 t= l;








79 transition=idct2(t_wave); % calculate gama*divergence_squre(CP)
80
81 potential=(l+log(CP))/Mwl-(l+log(l-CP))/Mw2+chi*(l-2*CP)-gama*transition;
82 % floryfox + gama*divergence_squre(CP).
83 % potential=(l+]og(CP))/Mwl-conversion(t)*(l+log(l-CP))/Mw2-(l...




















104 % if rem(t,f_update)= 0
105 if sum((t==tt))=l
106






111 title(['calculation steps = num2str(t)]);






118 %plot((0:1 /(N-1): 1 ),CP(M/2,:),[0,1 ],[weightratio, weightratio]);
119 %axis([0,l,0.4,0.6]);














134 %  end o f the code------------------------------------------------
The matlab code simulates the spinodal decomposition process based on Cahn-Hilliard theory, as detailed 
in the thesis chapter.
F =  /[ f ( c )+ K (V c ) 2]dV; (1)
f(c)= v -  t ^ ln(c) + i j r ln(1 - c )+ v t 1 -  o] <2)
i = V D v | = v [ D v [ 2 S - 2 K ^ c ] ] ;  , (3)
The simulation starts on a 128x128 mesh, defined at line 11 by M and N. The initial condition is 
generated at line 21, by load a pre-generated matrix. The value at each mesh point stands for the volume 
fraction of the one component (i.e. seed polymer). The initial condition requires a certain degree of 
randomness, and this is achieved in current work by a random matrix (i.e. line 23 generated a random 
matrix of normal distribution, mean value of 0.5, and the standard derivation of 0.05).
The values for the parameters used in Cahn-Hilliard equation are assigned at line 28-34. kB is the 
Boltzmann constant (J/K), T is the temperature (K), D is the diffusion coefficient (nm2/s), chi is the % 
parameter (unitless), k  is the interfacial energy parameter (unitless), Mwl and Mw2 are the degrees of 
polymerization of the polymer chains.
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The simulation first expresses the initial assigned composition matrix with a continuous cosine function 
(the discrete cosine transformation, the DCT-II) at line 77 to a new matrix (i.e. matrix c —* matrix {c}). 
The transformation code is detailed in the matlab help file for Fourier transform. As a result, the value of 
each mesh point (Xk) is expressed by the values in the new matrix (xn) by the cosine function:
,v_1 r 7T /  l \  iX k = ]T  xn cos Urp (ra +  -  ) k\ k =  0 , . . . ,  N  -  1.
n —O LA '  L J  J ( 4 )
The discrete cosine transformation implies that the simulated area will appear periodically in the system, 
due to the periodical nature of the trigonometric functions. It is therefore difficult to define a special 
boundary condition at which the composition will change differently from the rest (i.e. polymer 
distribution may be affected by the water-polymer surface tension at the boundary of the latex particles).
Next, the equation (3) is expressed for numerical simulation after Fourier transformation on both sides.
2 2  =  W (»..)-M (.) =  p . g r f ( [ i g ) ,  _  2graz{c)) (5)
Where {c} is Fourier transform of the quantity c (by DCT method), and gra = — (~ tc)2, k  =  0,. . . ,  N — 1. 
In line 73 the gra is expressed for 2-dimension situation.
Following equation (5), the {c} can be calculated stepwise starting from the initial matrix (line 78-90). 
And {c} is transformed back to the previous composition format after the stepwise computation (i.e. line 
92). Therefore, the distribution map of one component can be obtained.
Line 81 expressed the chemical potential equation f(c) +  k(Vc) 2. Currently f(c) does not consider entropy 
contribution of monomer in the particle because monomer concentration is very low for the starve-fed 
condition. The expression can be modified into Equation (16) in Chapter Four if  the monomer 
concentration is significant (i.e. batch reaction). Such expression can refer to line 83 and 84.
Additional explanation of the code:
Line 18 sets when to take a picture of the simulated composition.
Line 37 sets the maxim number of simulation steps.
Line 97 estimated the computational error by calculating the change of the material volume after each 
‘diffusion’ step, and at line 75 the criteria is set at 10'10 in fraction o f the initial material volume before 
‘diffusion’.
Line 99-102 calculates the decrease o f  the volume fraction of the seed polymer after feeding new 
monomer to the system, i.e. the final stage ratio = 1:4, when there is no conversion of the seconds stage 
monomer, the conversion(t-l)=0; when there is total conversion of the monomer, conversion(t)=l. The 
decrease of the seed volume fraction (named ‘feed’ at line 99) is feed= 1 /( I +4x 1) -1 /(1 +4x0)=-0.8.
Line 52-67 will plot the initial composition o f the system if enabled.
Line 105-126 plots the composition map at the designated computation steps as in line 18.
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Line 123, 124, 128 will enable the animation of the output images.
With all the parameters as defined in line 28-34, current example code can output the Figure 17 as in 




E x p e r im e n ta l a n d  q u a n tif ic a tio n  r e s u lts  fo r  th e  p o ly u re th a n e -  
a c ry lic  m o rp h o lo g ic a l s tu d y  ( in  C h a p te r  F iv e ) .
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Appendix  C
Information for polyurethane dispersion fPUDI used in current thesis work  
PUD NeoRez R967: commercial product from DSM  -  Neo Resins
Material website: http://www.fxtzchem.com/pdfrlowvoc/fitzchem_NeorezR967.pdf 
PUD 60v series: Experimental product from DSM  -  N eo Resins
PUD 60v series
60v-56 60v-63 60v-70 61G-58 60v-60
Glass transition temperature (°C) -48 -53 -52 -48 ' -34
Particle size (by CHDF, broad distribution) 75nm 75nm 133nm 84nm 60nm
PPG 1000 (parts) 21.8 0 0 25.7 45.8
PPG 2000 (parts) 37.1 67 67 29.4 3.2
DMPA (parts) 3.9 4.6 4.6 4.6 4.9
IPDI (parts) 34.4 26.7 26.7 37.3 42.6
Hydrazine (parts) 2.8 1.7 1.7 3 3.5
diacid/diol mol ratio 2.228923 1.771632 1.771632 2.24635 2.2832
hydrazine/rPDI mol ratio 0.564561 0.44162 0.44162 0.557858 0.569862
IPDI/PPG mol ratio 3.835089 3.585312 3.585312 4.153249 4.042889
average repeating units of PPG 24.81537 34 34 23.18564 17.57384




Experiment: BJ1-19. PUD(R967)/P(MMA-co-BA 1:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
Conversion of second stage monomers during reaction Quantification plot
Conversion vs time
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Experiment: BJ1-21. PUD(R967)/P(MMA-co-BA 1:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
Conversion o f  second stage monomers during reaction
Conversion vs time
0 . 9  
0.8 1
c  0 . 7 - ; -
S  0 . 6  —
|  0 . 5  - -
!  0 .4  -
°  0 . 3  —
0.2
— t r a c t io n  m o n o m e r f e d  
f r a c t i o n a l  c o n v e r s i o n
0 5 0 100 1 5 0 200 2 5 0
l im e  (m in )









ca  'i0 J
1 22 11 o
o 5 0 100 1 50 200 2 5 0




Temperature (*C) Universal VJ
261
Appendix C
Experiment: BJ1-40. PUD(R967)/P(MMA-co-BA 3:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
Conversion o f  second stage monomers during reaction Quantification plot
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Experiment: BJ1-45. PUD(R967)/P(MMA-co-BA 9:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
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Experiment: BJ1-47. PUD(R967)/P(MMA) hybrid reaction with KPS as initiator. Stage ratio (SR)
= 1 .
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Experiment: BJ1-49. PUD(R967)/P(MMA) hybrid reaction with KPS as initiator. Stage ratio (SR)
=1 .
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Experiment: BJ1-74. PUD(60v-70)/P(MMA-co-BA 3:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
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Experiment: BJ1-76. PUD(60v-70)/P(MMA-co-BA 1:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
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Experiment: BJ1-78. PUD(60v-70)/P(MMA-co-BA 9:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =1.
Conversion o f  second stage monomers during reaction Quantification plots
Conversion vs time
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Experiment: BJ1-80. PUD(60v-70)/P(MMA) hybrid reaction with KPS as initiator. Stage ratio
(SR)=1.
Conversion o f  second stage monomers during reaction Quantification results
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A ppendix  C
Experiment: BJ2-29. PUD(60v-70)/P(St-co-BA 4:1) hybrid reaction with KPS as initiator. Stage
ratio (SR) =1.
Conversion o f  second stage monomers during reaction
Conversion vs time
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Experiment: BJ2-31. PUD(60v-70)/P(St-co-BA 4:1) hybrid reaction with KPS as initiator. Stage
ratio (SR) =1.
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Experiment: BJ2-34. PUD(60v-70)/P(St-co-BA 4:1) hybrid reaction with KPS as initiator. Stage
ratio (SR) =1.
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Experiment: BJ2-49, PUD(60v-70)/P(St) hybrid reaction with KPS as initiator. Stage ratio (SR)
=1 .
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Experiment: BJ2-51. PUD(60v-70)/P(MMA) hybrid reaction with KPS as initiator. Stage ratio
(SR)=1.
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Appendix C
Experiment: BJ2-83. PUD(R967)/P(MMA-co-BA 3:1) hybrid reaction with BPO as initiator.
Stage ratio (SR) =1.
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2 . 0 9 5
2 . 1 7 2
2 . 2 8 7
2 . 4 4 7
2 . 6 6 8
2 . 9 7 4
3 . 4 1 1
4 . 0 6 6  
5 . 1 3 7  
7 . 1 7 5  
1 2 . 5 7
The m ass 






Experiment: BJ3-11. PUD(60v-58)/P(MMA-co-BA 3:1) hybrid reaction with KPS as initiator.
Stage ratio (SR) =3.
Conversion o f  second stage monomers during reaction
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A calculation example of theoretical amount of water uptake and 




The predication water uptake by polymer molecules [1]
Minor Major
ContributorsContributors
— c o o h  1.3
Se-S
0.005












Barrie [2] water sorption group additivity typical functional groups and their respective saturated moles of 
water (left), comprisingfunctional groups o f MMA, BA, and HPMA (right). [1]
For Poly(MMA):
Predicated number o f water molecules associated with one repeat unit = 5*10'5 (-CH2-) + 5><10'5 (-CH3)
+ 5*10'5 (-CH3) + 0.2 (-COO-) = 0.20015
Predicated water content in the polymer chain: 0.20015 x M(H20)/M(MMA) = 0.20015x18/100 = 3.60wt%
278
Appendix  D
The shape calculation of distorted water domain
Equation is the Eshelby’s solution [3] for the stress filed surrounding a dilation center within an elastic 
matrix. The Figure below is a detailed version o f Figure 14 in Chapter 5.
U(R) is the displacement o f  point A due to stress field (to a new location A ’).
G is the shear modulus o f the elastic matrix.
RO is the radius of the dilation center (big water domain, dotted blue cycle)
R is the distance from the center point (0, 0) to one specific point (i.e. A) on the small domain (solid blue 
cycle, assume diameter o f 1pm).
A ’ denotes the possible new location of point A after deformation due to stress.
L is the distance between (0, 0) and the center o f the small domain.
1. For simplicity, we assume the point A and A ’ are very close so the L can be measured directly 
from SEM images (this will introduce some errors). The R can be calculated from L.
2. Then u(R) can be calculated from point A if  there is a estimated value o f  G, from Equation 2.
3. Using the same G, u(R) can be calculated from every point on the small blue cycle.
4. Then the deformed shape of the small blue cycle can be obtained, represented by the red shape.
5. The aspect ratio of the red shape can be calculated. The aspect ratio will change as the G value 
changes.
6. One can keep change the value of G until a desired aspect ratio is reached (i.e. 4.0 for domain #1 
in Figure 15, chapter Seven).
7. The G value then can be saved and applied for further calculations of other small domains (i. e. 
domain #2, #3 in Figure 15, chapter Seven).
8. With the values as given below, G is calculated to be 2134Pa for the elastic matrix.
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Appendix D
For exam ple: 
R0 = 8 pm  
L= 9.3 pm





u(R) = P-R03/(4G R2) . E quation 2.
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